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SYNOPSIS 
The thesis describes the design and development of a stand-alone variable-speed constant-
frequency self-excited induction generator, using field-oriented control techniques to 
provide the necessary voltage and frequency control. Open- and closed-loop models are 
developed for the generator using tensor techniques and these are subsequently used in the 
control system design and simulation. For the closed-loop system, both conventional and 
field-oriented control strategies are developed. 
A laboratory-scale system was designed and built, to illustrate the system performance. The 
generator is driven by a separately-excited DC motor to simulate a variable-speed wind 
turbine and a 2.2kW wound rotor induction machine is used as the generator. The generator 
excitation current is provided by a current-controlled voltage-source inverter. 
A space-phasor model for the generator is developed to implement the indirect field-
oriented control using rotor flux oriented control principles. A complete digital control 
system is developed using a Pentium-II PC, with the addition of PIA and AID and DIA 
cards to provide rotor position, voltage and current feedback signals. 
The closed-loop performance of the generator is studied under varying load and wind speed 
conditions. Simulated results are compared with experimental data to validate the proposed 
control system and a comparison between the conventional and the field-oriented control 
systems is performed at rated voltage. Finally, suggestions are made for further work to 
improve the performance of the system. 
Key words: Asynchronous induction generator, Variable-speed constant-frequency self-
excited induction generator, Stand-alone induction generator, Indirect field-oriented 
control, Wound rotor induction machine, Wind energy conversion system. 
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CHAPTERl 
INTRODUCTION 
1.1 General Review 
In recent years, the increased emphasis on renewable energy resources and the 
development of suitable isolated electrical power generators driven by non-conventional 
energy sources such as bio-gas, wind and small hydro heads has assumed great 
significance. In particular, wind power has proved to be an important potential source for 
the generation of electricity with minimal environmental impact [1]. Within the spirit of 
energy consciousness, self-excited induction generators (SEIGs) constitute an attractive 
option for supplying electrical energy in remote areas, since they are capable of generating 
power from both variable-speed and constant-speed prime movers. 
Wind energy conversion schemes may be designed using either synchronous or 
asynchronous induction generators, with various forms of direct or indirect grid connection, 
using power electronics converters to provide electricity at a frequency to match that of the 
grid. Harnessing the wind by the use of induction generators has been made possible by 
advances in induction motor control using power electronic devices. A power electronic 
converter enables efficient conversion of the variable-frequency output of a generator 
driven by a variable-speed wind turbine, to a fixed-frequency appropriate for the grid or a 
load. With an asynchronous generator this conversion occurs automatically. 
Variable-speed wind turbines are known to provide more effective power capture than their 
fixed-speed counterparts. Such a scheme is especially appropriate for interfacing variable 
speed generators such as windmills to constant frequency mains. The application of 
induction machines in variable-speed operation has however been limited because of their 
highly non-linear characteristics and the interaction of these with a control system. 
Nevertheless, progress in power electronics and improvements in control strategies are 
making such machines more practical for use in wind turbine systems [2]. 
1 
The conventional method for the control of a SEIG is to inject rotor currents of the proper 
orientation (i.e. vector control) by using shaft position sensors. Comparisons show that 
using a wound rotor induction machine of similar rating to a cage rotor machine can 
significantly enhance the energy capture [3]. This arises due to its ability to operate with 
rated torque even at super-synchronous speeds, when power is generated from the rotor as 
well as the stator. In addition, when an induction machine is controlled by current injection 
on the rotor side, using voltage source inverters, the rating of the power devices are 
reduced. 
Induction generators may be classified in accordance with the nature of the generated 
frequency, methods of voltage stabilisation and various constructional details. Operation of 
a generator is largely governed by the method of generating the magnetic field and, 
basically, by the type of excitation (self-excited and for independently-excited). 
1.2 Utility-Connected Induction Generators 
Two common methods exist for employing wind-driven utility-connected induction 
generators. The first of these is the direct connection of the stator to the utility grid, when 
the induction generator begins to produce power as the rotor speed exceeds its synchronous 
value. With the induction generator connected to a utility line, the reactive power needed by 
the generator is supplied by the utility and the real power is derived mechanically from the 
wind turbine. The generated voltage and current are always synchronized with those of the 
utility. 
In the second method, the variable frequency, variable voltage at the stator terminals is fed 
to a power electronic converter before entering the utility grid [4-5]. References [6-7] 
discuss variable-speed wind energy conversion schemes (VSWEs). A control strategy, 
often using an IGBT-based inverter, ensures a good quality of power output, and control of 
the generator output voltage is achieved through a direct current control for stable output of 
DC link. 
1.3 Stand-Alone Self-excited Induction Generators 
The phenomenon of self-excitation in induction machines has been known over 50 years. 
Bassett and Potter [8] demonstrated the possibility of using an induction motor in self-
excitation mode, as a stand-alone generator. The main difficulty being the lack of a simple 
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automatic means of regulating the voltage over a range of loading conditions. With the 
development of semiconductor switches, the V AR sources offered the low cost stand-alone 
induction generators [9, 10]. 
The operating principle of an SEIG may be viewed as the residual magnetism in the 
machine initiates the voltage built-up which can be augmented by different excitation 
techniques to continuous rise in voltage. The process of air-gap voltage built-up will 
continue until the machine saturates. Hence the air-gap voltage stabilizes and current 
reaches its steady state, and maintains continuous self-excitation. The energy source is 
provided by kinetic energy (KE) of the rotor. If the rotor is not driven by the wind turbine, 
this KE is rapidly extracted from the rotor and can be used for dynamic braking purpose. If 
the rotor is driven by wind turbine, the KE of the rotor is maintained and self-excitation and 
the energy transfer continue permanently. 
Consequently in practice the residual flux must be present in the machine, that must be a 
result of inherent residual magnetism in the machine, a previous operating condition or it 
must have been externally introduced by pre-excitation of the machine with DC or by using 
charged capacitors etc. 
For remote village communities, isolated from the grid, stand-alone SEIGs have been 
identified as possible source of power in micro hydro and wind power applications. To 
counteract the disadvantages of using self-excitation with induction machines, such as over 
voltages stresses on the insulation, torque and speed fluctuations, and overheating, SEIGs 
offer many advantages over conventional synchronous generators due to their ruggedness, 
low maintenance requirements and low cost. The steady-state performance of SEIGs with 
the use of power electronic converters has been presented elsewhere [10-11]. 
Conventionally, diesel engine driven synchronous generators have been widely used to 
provide an emergency supply to industrial plant, isolated islands, etc. Even though the 
speed of the engine is controlled in the steady-state by a high performance governor to keep 
the output frequency constant, the frequency nevertheless changes following a step change 
in the load. Generator voltage and frequency control strategies of squirrel-cage type of 
SEIGs based on variable structure control theory have been presented [12-13]. An 
impedance controller consisting of a phase controlled bridge and chopper switch. [14] has 
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been proposed for a controlled (variable-speed based system to maintain the voltage and 
frequency control and PWM inverters have been used to establish constant frequency at the 
generator terminals. It is this type of scheme that is progressively being replaced by more 
environmental friendly schemes. 
1.3.1 Capacitor Excitation 
The self-excited induction generator with capacitor excitation has emerged as a suitable 
type of isolated power source, due to its low unit cost, absence of separate source of 
excitation, ruggedness, ease of maintenance and self-protection against severe overloads 
and short circuits. However the voltage and frequency vary with the value of the excitation 
capacitance, the speed of the generator, the machine parameters and the electrical load. 
The voltage regulation of a SEIO utilizes the concept of a continuously controlled capacitor 
called the controlled shunt capacitor. Anti-parallel IOBT switches across the fixed 
excitation capacitors are used to regulate the induction generator voltage [15]. 
Determination of the minimum capacitance required for self-excitation and the output 
frequencies under no-load, inductive and resistive loads has been studied [16-17]. A further 
study has been made of a SEIO with a fixed capacitor, providing a constant voltage but 
varying frequency under varying speed and load [18]. This method however has several 
important drawbacks,; 
a) The output voltage depends upon the rotor speed and load, it changes due to 
the speed variation in particular when speed falls below synchronous speed. 
b) For a given capacitance, self-excitation can only be achieved and maintained 
under certain load and speed conditions[19]. The value of capacitance 
changes due to the speed variation in particular when speed falls below 
synchronous speed. 
c) Even if the capacitor bank is appropriately designed, the machine will 
demagnetise and cease generation when the speed falls below a certain value 
or the load rises unduly. Even if normal speed and load conditions are 
restored, generation will not recommence without the help of some 
additional energy sources and a controller. External means are also required 
to avoid demagnetisation under the speed and load changes. 
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1.3.2 Battery Excitation 
With the advent of high-speed power semiconductor devices and developments in 
microprocessor technology, power electronic converters are now frequently used in wind 
turbine applications. The variable speed turbine implies a conversion step from mechanical 
energy at variable speed to electrical energy at constant frequency. This conversion, mainly 
for economic reasons, is increasingly realised by power electronic converters that offer both 
high capability and lower price/kW. The application of power electronics has increased 
rapidly and, together with new types of generators, this may change the configuration of 
direct-driven generators, concerning power quality, controllability and safety. The overall 
control for a wound rotor induction generator with back-to-back PWM converters has been 
achieved [20-21], allowing the bi-directional flow of current between the stator and the 
rotor through a DC link. 
Field-oriented control and power electronics converters are used to excite the induction 
generator and regulate the generated voltage. Application of field-oriented control has 
essentially reduced the control dynamics of AC motor to those of a separately excited DC 
motor [22]. 
Induction generator control may be implemented in a reference frame either on the stator 
flux, the rotor flux or the magnetizing flux-linkages, with each scheme requiring 
information on the modulus and angle of the respective flux space phasor. Both direct or 
indirect methods can be used in either of these reference frames. 
Stator flux oriented vector control is adopted for a stand-alone induction generator by 
aligning the stator flux along the D-axis of the rotating reference frame [23]. Computation 
of the stator flux directly from the stator terminal voltage involves high accuracy voltage 
measurements, which is a disadvantage, and the alternative of flux estimation from the 
inverter switching states has been demonstrated [24-25]. Controlling the stator flux 
magnitude indirectly controls the stator voltage, and the frequency is kept constant as the 
rotor speed varies by imposing slip-frequency rotor currents. 
Rotor flux oriented control, is a simple approach, due to its simple decoupling equation 
[26]. To optimize the retrieved energy, the generator must work at a variable speed 
depending on the input power. For energy to be delivered to mains supply, the magnitude 
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and frequency of the voltage must be constant. Thus after going through a number of 
control strategies presented in literature, on the SEIG with constant voltage and frequency 
under variable speed operation, the new control scheme is proposed. 
1.4 New Scheme 
The topology used is the induction generator, comprising a wound rotor machine with the 
load connected to the stator side and an inverter connected to the rotor side. The control 
strategy adopted is to maintain constant speed of the airgap flux irrespective of the rotor 
speed, which is obtained electronically, and thus to generate stator voltages at a constant 
frequency. Assuming the desired stator frequency is fs• and the number of pairs of magnetic 
poles is P, the speed at which the magnetic field rotates is, ns = fs IP. If the speed of the 
magnetic field with respect to the rotor is, n' = ns - n r, it then follows that 
nf =fr/p 
hence f/P=n-n , ., 
giving fr = fs - Pnr 1.1 
Equation 1.1 indicates the relationship between the rotor speed and frequency f, to give a 
constant output frequency fs. Below synchronous speed, the rotor currents are of a certain 
phase sequence and the power demand of the load and losses may exceed the input power 
from the turbine shaft; the balance being provided by the battery through a current 
controlled voltage source inverter (CCVSI). At synchronous speed the rotor current is DC 
and above synchronous speed the phase sequence reverses and the power provided by the 
turbine shaft exceeds the combined load power demand and losses. The excess power can 
be stored in the battery through the bi-directional inverter shown in Figure 1.1. 
Control of the voltage is introduced in closed-loop operation, with the excitation current 
adjusted to generate constant output voltage regardless of any variations of speed or load 
current. The magnitude and frequency of the excitation current, are determined by the 
control system. 
The induction generator controller has the following dual functions 
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a) Adjustment of the frequency of the rotor current to produce the slip corresponding 
to the load requirement. 
b) Adjustment of the magnitude of the rotor current to provide the desired output 
voltage. 
The initiation of the process of self-excitation is therefore a transient phenomenon and 
batter understood if analyzed using instantaneous values of current and voltage. The D-Q 
axis presentation of SEIG has been described in chapter 5. The self-excitation voltages and 
frequencies vary with the load; in some cases the variations are substantial to the poor 
quality of supply and it is necessary to use the power electronic converter to regulate both 
the voltage and frequency for the rotor supply. 
Thus with the application of field-orientated control of the rotor circuit and a well-
controlled IGBT-based inverter, the proposed stand-alone configuration may provide, an 
efficient, frequency wild induction generator. It is anticipated that the proposed method for 
voltage and frequency control will provide a good quality of supply and enhance the 
advantage ofSEIGs. 
1.5 Scope Of The Thesis 
The thesis describes the design and development of "a variable-speed constant-frequency 
self-excited induction generator" using conventional and field-oriented control approaches 
for its voltage and frequency control. The first part of the thesis presents an overview of 
developments in the subject and a brief introduction to the proposed novel induction 
generator. Chapter 2 is concerned with the development of mathematical models for the 
induction generator. Both state·variable and transfer function models are developed for the 
generator, employing both voltage-source and current-source excitation to provide the 
rotor currents and so control the airgap flux. A tensor approach was selected as the most 
useful technique for analysing the system. The electrical equations of the proposed 
configuration for the induction generator are developed and re-arranged for numerical 
solution. The models are validated by experimental results obtained using a voltage source 
inverter supplying the rotor of a wound rotor induction machine. 
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Chapter 3 describes the prototype circuit to provide the excitation current to the wound 
rotor induction generator, by providing a variable frequency 3-phase sinusoidal current 
output. A CCVSI with deadband current control is employed. 
Chapter 4 describes the conventional closed-loop system for the generator using a PI 
controller. The voltage regulation under transient load conditions such as step load 
application and rejection are investigated. Simulated results for the transfer function model 
and the state-variable models (both current-source and voltage-source) are compared. 
Chapter 5 presents a model for the field-oriented control using the closed-loop system. A 
space-phasor model for the generator is developed to implement rotor field-oriented control 
of the output voltage at constant frequency. 
Chapter 6 describes the experimental arrangement to implement the proposed control 
scheme, including the line voltage, load current and the rotor speed measurement and signal 
conditioning circuits, the interface and data acquisition boards, and the PC. Two PI 
controllers were developed, using C-code for the voltage and current regulation. The rotor 
position angle was measured by counting the shaft mounted encoder pulses per sample 
time, and the speed by taking the time derivative of the position angle. The digital control 
circuits and the software used are explained. 
Chapter 7 presents the experimental results that were obtained, and compares these with 
simulated results provided by use of the software package MATLAB. Simulations of the 
open-loop voltage-source and the current-source models are verified experimentally. The 
closed loop system theoretical results were also verified experimentally. The generator 
steady-state and transient conditions under variable load and wind speed operation are 
investigated. 
Chapter 8 presents Conclusions drawn from the work presented and suggests further work 
that might be carried out for improvement of the control system. 
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Figure 1.1 Block diagram of constant frequency scheme 
CHAPTER 2 
OPEN-LOOP MATHEMATICAL MODELS 
Open-loop mathematical models for the generator are developed in this chapter. Both 
state-space voltage-source and current-source models and a transfer-function model 
are described. Tensor methods are used and these require the definition of branch and 
mesh reference frames, and the transformation between them [27]. The first two 
models comprise sets of differential equations, arranged in a form suitable for 
numerical integration. The form of the equations depends on the choice of reference 
frame, i.e.: fixed-axis, free-axis, or phase reference frame. 
The main advantage of a fixed-axis or D-Q reference frame is that the coefficients of 
the differential equations are time-invariant, which results in an appreciable reduction 
in computing time compared with the phase model. However, modem high-speed 
computers reduce this disadvantage and the phase reference frame model is now often 
used for modelling electrical power systems. The model is very flexible, since it uses 
the real machine equations and it is more useful when simulating unbalanced load 
conditions [28]. 
Consequently, phase models were developed to investigate the steady-state and 
transient performance of the generator. Magnetic saturation was included in the 
models to improve the accuracy of prediction over a wide operating range. The 
method by which this was achieved is described in Section 2.4. A laboratory-scale 
experimental system, based on a 2.2 kW wound rotor AC machine, was used to 
validate the models. 
2.1 Voltage-Source Model 
The circuit configuration used for the voltage-source model, is shown in Figure 
2.1(a), where Ed , Eeand Er are the impressed voltages to the star-connected rotor 
windings. The phase model is defined in terms of the branch reference frame, 
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consisting of simple branches for which the voltages and currents are defined. 
Subsequently the mesh circuit is established and a connection matrix formulated to 
define the way in which the branches are interconnected. 
2.1.1 Branch Reference Frame 
The branch reference frame may be visualised as the disconnected circuit shown in 
Figure 2.1(b). For simplicity, the load resistances and inductances are included with 
the stator resistance and self-inductance terms. The branch voltage equation is 
expressed in equation 2.1. Some of the elements in the inductance matrix depend on 
the rotor position 9, defined as the angle between stator phase 'a' and rotor phase 'd' 
as shown in Figure 2.1 (a). 
The stator and rotor mutual inductances are harmonic functions of the rotor position. 
Neglecting inductance terms greater than the fundamental component, the mutual 
inductance between rotor and stator phases are 
Mad = Mbe = Mer = Mcos(9) 
Mae = Mbr = Med = M cos(9 + 21t / 3) 
Mar =M bd = Mc, = M cos(9 - 21t / 3) 
2.2 
Mutual inductance terms are reciprocal, Le.: Mda = Mad,M .. = Mae etc. All other 
mutual inductances terms are zero. Applying the chain rule to equation 2.1, produces 
equation 2.3. Using matrix notation the voltage equation can be re-written in the 
abbreviated form 
or 
giving 2.4 
where, Vb is the branch voltage vector, E b the impressed voltage vector,I b the branch 
current vector. Rbb and Lbb are respectively the branch resistance and inductance 
matrices. G bb =..! (Lbb) is the rotational inductance, co, = Pco" where P is the d9 
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v, 0 R, 0 0 0 0 0 I, 
Vb 0 0 Rb 0 0 0 0 Ib 
V, 0 0 0 R, 0 0 0 I, 
+ = Vd Ed 0 0 0 Rd 0 0 Id 
V, E, 0 0 0 0 R , 0 I, 
V, E, 0 0 0 0 0 R, I, 
L, -M/2 -M/2 Mcos9 Mcos(9 + 21t/3) M cos(9 - 21t I 3) I, 
-M/2 Lb -M/2 M cos(9 - 21t I 3) Mcos9 M cos(9 + 21t I 3) Ib 
-M/2 -M/2 L, M cos(9 + 21t I 3) Mcos(9 - 21t/3) Mcos9 I, 
+p 2.1 
Mcos9 M cos(9 - 21t I 3) Mcos(9+21t/3) Ld -M/2 -M/2 Id 
Mcos(9+21t/3) Mcos9 Mcos(9-21t/3) -M12 L, -M/2 I, 
M cos(9 - 21t I 3) Mcos(9 + 21t/3) Mcos9 -M/2 -M/2 Lf If 
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Va 0 Ra 0 0 0 0 0 la La -M/2 -M/2 0 0 0 la 
Vb 0 0 Rb 0 0 0 0 Ib -M/2 Lb -M/2 0 0 0 Ib 
Ve 0 0 0 Re 0 0 0 le -M/2 -M/2 Le 0 0 0 le 
+ = + +p Vd Ed 0 0 0 Rd 0 0 Id 0 0 0 Ld -M/2 -M/2 Id 
Ve Ee 0 0 0 0 Re 0 le 0 0 0 -M/2 Le -M/2 le 
Vf Ef 0 0 0 0 0 Rf If 0 0 0 -M/2 -M/2 Lf If 
0 0 0 -Msin9 - Msin(9 + 2n13) - Msin(9 - 2n13) I, 
0 0 0 - Msin(9 + 2n13) -Msin9 - Msin(9 + 2n13) I. 
0 0 0 - Msin(9 - 2n13) - Msin(9 + 2n13) -Msin9 I, 
+roe 
-Msin9 - Msin(9 - 2n13) - Msin(9 + 2n13) 0 0 0 Id 2.3 
- Msin(9 + 2n13) -Msin9 - Msin(9 - 2n13) 0 0 0 I, 
- Msin(9 - 2n13) - Msin(9 + 2n13) -Msin9 0 0 0 If 
13 
number of pairs of poles and Ol, the rotor angular speed. The rotational inductance 
terms are 
G,d =G be =Gcf =-Msin(8) 
G" = G bf = Gcd = -Msin(8+21t/3) 
GM =G bd = Gce =-Msin(8-21t/3) 
2.5 
Rotational mutual inductance terms are reciprocal, i.e.: G d, = G'd' G e, = G" etc. All 
other rotational inductance terms are zero. 
2.1.2 Mesh Reference Frame 
The mesh reference frame is concerned with the mesh voltage equations formed when 
Kirchhoff's voltage law is applied to the connected circuit shown in Figure 2.1 (c). 
The abbreviated mesh voltage equation may be expressed as 
2.6 
where Em is the impressed mesh voltage vector, V m is the mesh voltage vector, Im 
the mesh current vector. Rmm and Lmm are respectively the mesh resistance and 
inductance matrices. Since the voltage around a closed mesh is zero V m = 0, giving 
2.7 
Equation 2.7 may be expanded to 
2.8 
where G mm is the rate-of-change of mesh inductance matrix. Equation 2.8 may be 
solved, using the computer algorithm described in section 2.1.4, to obtain a step-by-
step solution for the mesh current vector, Im. 
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2.1.3 Branch/mesh Transformation 
From topological considerations [29] the number of independent mesh equations M is 
M=B-N+S 
where B is the number of branches, N the number of nodes and S the number of 
independent circuits (not electrically connected). The linear oriented graph shown in 
Figure 2.2 provides the geometrical topology of the branches, in which each branch 
of the network is represented between its nodes by a directed line segment with an 
arrow in the direction of the branch current. Figure 2.2 defines the tree and co-tree 
elements, whereby each co-tree together with a number of tree elements forms an 
independent mesh. The solid lines denote tree elements and the dotted lines denote 
co-tree elements. As for the branches, arrows define the direction of positive mesh 
current. From Figure 2.2, it is evident that 
M=6-4+2=4 
The relationship between branch and mesh currents may be expressed by the branch-
to-mesh transformation matrix, obtained by inspection of Figure 2.2 as 
I. 1 0 0 0 
Ib 0 1 0 0 I, 
le - 1 -1 0 0 12 
= 
Id 0 0 1 0 13 
2.9 
le 0 0 0 1 14 
If 0 0 -1 -1 
or in the abbreviated form 
Ib = Clm 2.10 
where C is the branch /mesh current transformation matrix. An important constraint 
is power invariance between reference frames, which may be expressed 
mathematically as 
2.11 
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where the superscript t denotes transpose. Substituting equation 2.10 in equation 2.11, 
and re-arranging gives 
Assuming equation 2.12 holds for any arbitrary value of I m , then by matrix 
transposition 
2.12 
2.13 
2.14 
where et is the branch Imesh voltage transformation matrix. Of course as mentioned 
previously V m = o. Thus the voltage equations in the branch and mesh reference 
frames may be expressed respectively as, 
2.15 
2.16 
where Zbb and Zmm are respectively branch and mesh impedance matrices. 
Substituting for Ib and Eb respectively from equations 2.10 and 2.14 in equation 2.15 
gives 
Comparing equations 2.16 and 2.17, it is evident that 
Using this transformation, the mesh resistance, inductance and the rotational 
impedance matrices are 
16 
2.17 
2.18 
2.19 
2.20 
2.21 
and 2.22 
2.1.4 Computer Implementation 
A computer program was written using MATLAB, to solve the mesh differential 
equations on a step-by-step basis. The flow chart for the program is given in 
Appendix D.l and the solution process is as follows, 
a) Assemble the branch reference frame matrices R bb , Lbb and G bb • 
b) Determine the supply voltage matrix Eb . 
c) Generate the mesh reference frame matrices Rmm, Lmm and G mm using 
equations 2.19-2.22. 
d) Generate the mesh voltage matrix Em using equation 2.22. 
e) Re-arrange equation 2.8 in the form 
f) Integrate equation 2.23 numerically, using the fourth-order Runge-Kutta 
process to obtain a step-by-step solution for the mesh current vector Im' 
g) Determine the branch current vector using equation 2.9 and determine the 
branch voltage vector Vb using equation 
2.23 
2.24 
At the beginning of each step, e, 0), and the initial mesh current vector are updated. 
2.2 Current-Source Model 
The circuit configuration used for the current-source model is shown in Figure 2.3(a). 
The current-controlled voltage-source inverter is represented by the current sources Id 
, le and If connected to the rotor windings. 
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2.2.1 Branch Reference Frame 
The branch reference current-source model may be visualised as the disconnected 
circuit shown in Figure 2.3(b) and the corresponding relationship between the 
voltages and currents is given in equation 2.25. 
["]r 0 or] [L. Lab L_] n Vb - 0 Rb  Ib + Lb. Lb Lbe P Ib Vc 0 0 Rc le Lea Leb Le le 
[0. Ga• O'T] [M" Ma. M,,] [I,] + Pro, G bd Gb. G bf I. + bd M b• Mbf P I. 
Gea G eb G ef If Med Mc. Mef If 
2.25 
This may be expressed in the abbreviated form, 
Vb = RbbI'b + LbbpIsb + Pro, GbbIrb + Mbb pI rb 2.26 
where I rb and I sb are respectively the rotor and stator branch current vectors. 
2.2.2 Mesh Reference Frame 
Figure 2.3(c) shows the connected network and defines the meshes for the current-
source model. From Kirchoffs voltage law, V m = 0 and the voltage equation may be 
expressed as 
2.27 
which may be re-arranged as 
2.28 
2.2.3 Branch/mesh Transformation 
From the linear oriented graph shown in Figure 2.4 it is evident that there are three 
branches and two nodes, giving the number of independent mesh equations as 
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M=3-2+1=2 
The relationship between the branch and mesh reference frames may be derived by 
equating the branch currents, la to I, to the corresponding mesh currents 11 and 12 , 
Thus 
[~:l = [ ~ ~ l[~J I -I-I , 2.29 
In abbreviated form 
Isb = Csl sm 2.30 
where Cs is the branch Imesh current transformation matrix. Using similar theory to 
that discussed in section 2.1.3, the branch equations may be transformed to the mesh 
equations. 
2.2.4 Computer Implementation 
The computer implementation is similar to that of the voltage-source model described 
in 2.1.4, except that current sources are applied to the rotor windings instead of 
voltage sources. Thus 
a) Determine the supply current matrixl'b' 
b) Convert the branch impedance matrices into the mesh reference frame 
using the branch Imesh transformation matrix Cs from equations 
2.19-22. 
c) Integrate equation 2.28, using a fourth-order Rung-Kutta process to 
obtain a step-by-step solution for the mesh current vector Ism 
c) Determine the branch current vector, using the equation 2.29 and the 
load phase voltage. 
2.31 
A flow chart for the computer program is shown in Appendix D.2. 
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2.3 Determination of Machine Parameters 
The machine parameters are obtained from the per-phase equivalent circuit of the 
machine. At synchronous speed, the slip is zero and the rotor circuit may be ignored. 
Thus 
[
V.] [Ra + plo 
Vb = pMba 
V, pM" 
pM" ][Ia] pMbc Ib 
R, +pL, I, 
2.32 
Considering the a- phase only, 
Va = (Ra + pL, )Ia + pM.blb + pM"I, 2.33 
Assuming that machine is balanced, the relationships Ib = h2Ia and le = hi. may 
be substituted in equation 2.33 giving 
2.34 
and 
Assuming the statorlrotor turns-ratio to be unity, La = L aI + M where, L al and M are 
respectively the leakage and mutual inductances of a stator phase. Since stator phases 
a, b and c are mutually displaced by 1200 their mutual inductances are 
Thus Va/I. = Ra +pLaI +p(3M/2) 2.35 
Referring to the per-phase equivalent circuit of the machine, shown in Figure 2.5, it 
can be seen at synchronous speed s = 0 and thereforeR~ Is = 00. The rotor circuit is 
open-circuit and 
V, 11, = Rs +pL, +pMo 2.36 
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where Rs is the stator resistance, Ls the leakage inductance and Mo the magnetising 
inductance. Comparing the coefficients of equations 2.35 and 2.36 
Lal =Ls and 
Using these relationships and the numerical values of the per-phase parameters Rs, Ls 
and Mo given in Appendix A, values for the impedance matrix of equations 2.23 and 
2.28 may be obtained. 
A similar procedure may be adopted to obtain the values of the resistances and 
inductances of the rotor. Considering the stator as an open-circuit and looking back 
from the rotor side. 
2.37 
For the d-phase only 
2.38 
where,Ld= Ldl+M. Substituting le =h2Id , If = hId and Mde=Mdf =-M/2in 
a manner similar to that for the stator winding gives 
From the equivalent circuit of Figure 2.5, considering the rotor circuit only and 
looking from the rotor into the stator side 
V,II, = R, +pL, +pMo 
Comparing equations 2.39 and 2.40 gives 
~ = R" Ldl=L, and M = 2Mo 13 
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2.39 
2.40 
2.4 Magnetic Saturation 
Several authors [30-33], have described synchronous generator models that include 
the effects of both magnetic saturation and harmonics due to the spatial variation of 
airgap flux, The variation of winding inductances with saturation may be determined 
in terms of the resultant airgap mmf, defined in terms of an effective magnetising 
current. 
2.4.1 Effective Magnetising Current 
A 3-phase/2-phase, up-transformation and a commutator DQ-transformation are used 
to eliminate the time-dependent coefficients. The u-axis is coincident with the 
d-phase of the rotor. In matrix form [34] 
1 
--
[::J= ~ 2 2 [:: 1 0 .J3 .J3 2 2 1 1 1 
.fi .fi .fi 
or 
I.IIY = C.pld•r 
The rotor windings have an isolated neutral, so that Id + le + If = O. 
The commutator transformation is 
or 
cosS 
-sinS 
1 
J2 
sinS 
cosS 
1 
J2 
where, 8 = PS,. Thus the 3-phase lfixed rotor axis transformation is 
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2.41 
2.42 
2.43 
2.44 
The stator currents la, Ib and le may be transformed from three to two phase and the 
effective mmf(current) in the two axis may be defined as 
The effective magnetising current (mmi) is then defined as 
Im = ~Idm 2 + I,m 2 
2.4.2 Magnetising Characteristics 
2.45 
2.46 
The open-circuit characteristic for the machine showing the variation of stator line 
voltage with effective magnetising current is shown in Figure 2.6. 
2.4.3 Self And Mutual Inductance 
The self and mutual inductances of the stator windings were determined as follows. 
With the rotor winding open-circuit and the stator supplied with 3-phase, the a-phase 
voltage is 
2.47 
Substituting, Ib =h2Ia, le =hla, Mab =M" =-Ms/2 and La =Lal +Ms 
where Ms is the stator magnetizing inductance gives 
Va /la = Ra + jroLa' + jro(3/2)Ms 
comparing per-phase equation 2.48 with the phase equation 2.36, gives 
L" = Ls' + Ms, Mss= - Ms 12 and in general Ms = (Ns INr)M" 
where Mss is the stator phase mutual inductance. 
2.48 
Similarly the self and mutual inductances of the rotor windings were determined. 
With the stator winding open-circuit and the rotor supplied with 3-phase, taking the 
d-phase voltage equation gives 
Lrr = Lrl + Mr ' Mrr= -Mr/2 and in general Mr = (Nr INs)Mrs 
where Mrr is the rotor phase mutual inductance. 
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The variation of stator and rotor inductance coefficients with effective magnetising 
current are shown in Figure 2.7. A curve-fitting algorithm was used to define the 
relationship between these inductances and the effective magnetising current. 
There are two general approaches to curve fitting, and these are distinguished from 
one-another on the basis of the amount of error associated with the data. If the data 
exhibits a significant error, the strategy is to derive a curve that represents the general 
trend. When the data is known to be precise or smooth, a curve is fitted that passes 
exactly through each point. This may be accomplished using piecewise linear 
representation (linear regression), exponential curve fits (non-linear) etc. The most 
common approach is to fit a polynomial through the points [35], using a least-squares 
curve fit. A 6th -order polynomial was found to accurately fit to the measured results 
and thus was adopted. 
2.5 Transfer Function Model 
Unlike the state-variable models, which define the system in the time-domain, a 
transfer function model is defined in the frequency domain and holds good for linear 
time-invariant systems having zero initial conditions. A transfer function model was 
developed to predict the transient behaviour and this was compared with results 
obtained from the state-variable models. From the per-phase equivalent circuit of the 
generator shown in Figure 2.8, the rotor applied current I, is 
Substituting the values of Im from equation 2.49 and taking Laplace transforms, 
If R, = R, + R t and L, = L, + Lt the transfer function is 
~(s) =( sLm ) 
I, [R, + (L, + Lm)s] 
2.49 
2.50 
2.51 
This may be used in a transfer function model for the closed-loop system described in 
chapter 4. 
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2.6 Summery 
The open loop phase models for the generator were developed to simulate the 
steady-state and transient conditions of load and wind speed. The modelling 
technique uses tensor methods to assemble the mesh differential equation for the two 
state-space representations of the generator, one with the rotor supplied from a 
voltage-source (VS) and other from a current-source (CS) model. 
Machine parameters are obtained from the per-phase equivalent circuit of the 
machine under short- and open-circuit tests. Magnetic saturation was included in the 
models to improve the accuracy of predicted results over a wide operating range. 
Variation of effective parameters such as rotor resistance, stator and rotor leakage and 
mutual reactance and magnetising reactance with effective magnetising current was 
incorporated in the model to predict the accurate results. But it was observed from the 
experimental data that the machine is not going into a heavy saturation, hence the 
saturation affect was not used in the further models. 
The generator open-loop models were used for the closed-loop control schemes in 
chapter 4. Transfer function models were also developed, using per-phase equivalent 
circuits discussed in detail in section 4.2. 
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Figure 2.8 Per-phase equivalent circuit 
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CHAPTER 3 
OPEN-LOOP SYSTEM HARDWARE 
This chapter presents design and development details of the experimental hardware used 
with the generator operating in open-loop. The generator is a wound-rotor induction 
machine having the nameplate details given in Appendix A. A separately excited DC motor 
was used to drive the generator, with armature voltage control used to vary the drive speed. 
3.1 Experimental Hardware 
The experimental hardware for the quasi-squarewave and current-controlled voltage-source 
inverter drives are shown respectively in the block diagrams of Figures 3.l(a) and (b). Both 
circuits are described below. 
3.1.1 Inverter 
The 3-phase bridge configuration shown in Figure 3.2 was used for the experimental study. 
The switching devices are 600 V, 25 A IGBTs with separate anti-parallel fast recovery 
diodes. A smoothing capacitor connected across the DC link minimizes voltage ripple. The 
fast fault-protection circuit shown in Figure 3.3 protects against shoot-through faults and 
short-circuit of either the DC link or the inverter output, which would damage the inverter 
switches before the semiconductor fuse could respond. A Hall-effect current sensor 
monitors the DC link current, which is converted to a voltage signal using a 510 n resistor 
and applied to the voltage follower circuit to prevent loading of the Hall-effect device. The 
signal is compared with a preset current reference and the output of the comparator turns-on 
the transistor when the current limit is reached. This produces a pulse at the pulse 
transformer to turn-on the thyristor and connects together the positive and negative voltage 
rails. If a short-circuit occurs across the inverter, damage is avoided by the quick-blow 
semiconductor fuse, which rapidly disconnects the DC link from the power switches. 
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3.1.2 Control for the Square Wave Inverter 
The control circuit provides a strategy for switching the power switches to synthesis 3-
phase AC from the fixed DC-link voltage. A 1800 conduction pattern is used, with a delay 
circuit to avoid the problem of shoot-through. The circuit diagram is shown in Figure 3.4. A 
555 timer was used to generate clock pulses for a 4-bit binary counter (CD74HCI61). The 
Qo, Ql and Q2 outputs of the binary counter are ANDed and then ORed logically, to obtain 
the sequence for the gate drive signals. The counter is reset with low level on the Master 
Reset input, at the 6th clock pulse. 
3.1.3 Gate Driver Circuit 
The International Rectifier IR2130 bridge driver shown in Figure 3.5, was used to drive the 
inverter. It has six output drivers, three referenced to the negative DC rail and three floating 
drivers capable of operating with offset voltages up to 600 V. Internal voltage level shifting 
is used to drive the high-side switches. This fully integrated driver chip operates all six 
switches with under-voltage lockout provided for each high side driver, to prevent the 
marginal operation and over-current shutdown turns-off all six drivers [36]. 
In the event of shoot-through current or an overload, it is desirable to terminate all the 
output signals from the driver. This is accomplished by measuring the applied rotor current, 
sensed by a series 0.22 n resistor in the negative bus, to enable the TRIP input of the 
IR2130. 
Four isolated power supplies were required for the output drivers; one for each upper gate-
drive circuit and one for the bottom three drive circuits. To minimise the voltage transients 
on the Vcc supply, de-coupling capacitors were used. A zener diode was used to clamp the 
gate signal and a 22 n resistor limits the effects of ringing on the gate-source voltage. 
To reduce stray inductance effects which could cause over-voltages across the switching 
devices during turn-off, the necessary practical considerations were implemented. 
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(i) The length of conductors from the gate-drive circuits and the IGBTs were 
made as short as possible and the conductors were twisted together to avoid 
interference and induced noise. 
(ii) Copper strip was used in the power circuit wherever possible, since it has a 
lower inductance than round wire. 
3.1.4 Isolation and delay circuits 
The inverter output voltage changes from + VDC to - VDc . Consequently, the voltage level 
of the upper gate-drive power supply ground rails also change, from + V DC to - V DC. If the 
ground rails of these circuits and the logic circuit were the same, the logic circuit would be 
damaged. Thus it is necessary to isolate the control logic circuit from the upper gate drives. 
Dual channel high-speed opto-couplers, (HCPL 2531) were used, which are suitable for 
high-speed logic ground isolation. 
Six delay circuits were used to prevent shoot-through of the inverter. This is because the 
power switches take longer to turn-off than to turn-on. The time needed for switch turn-off 
is about 420 ns, so a 2 JlS delay was used. A simple RC circuit and a 2-input AND gate 
achieved the required delay. The circuit is shown in Figure 3.6. 
3.2 Sinusoidal Operation 
This section describes the sinewave inverter control circuit 
3.2.1 Demand Signal Generation 
Reference sinewaves were generated using the circuit shown in Figure 3.7. CMOS 
compatible EPROM's (M27C512) were used to store digital sinewaves, with 256 samples 
defining one cycle of waveform. A 555 timer was used to increment an 8-bit binary counter 
(74HCT161), which accesses the values stored in the EPROMs. These are converted to 
analogue waveforms using D/A converters (DAC0800). The 8-bit D/A converters were 
configured to give + V max output for Hex (FF) and -V max for Hex (00). Thus a digital sine 
wave having 256 locations Icycle was generated using the expression 
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Value at Location 'n' = Hex {128+128 sin(180n)} 
128 
The values obtained were loaded into an EMROM look-up table, together with a second 
look-up table displaced from the first by 120°' As the look-up table entries were addressed, 
the D/A converters generated two sinewaves displaced by 120°. 
3.2.2 Rotor Current Feedback and Error Generating 
Hall-effect current sensors (CNSE151-100) having the output/input characteristic shown in 
Figure 3.8, were used to detect the rotor currents. The sensor output signals were compared 
with the reference rotor currents, as shown in Figure 3.9 and the error signals were applied 
to deadband comparators. 
Voltage signals proportional to current were obtained using 510 n resistor at the output of 
. the current sensors. Voltage followers were used to avoid loading the current transducers 
followed by gain control stages with an zero-offset adjustment facility. A 2nd_order 
Butterworth low-pass filter having the frequency response shown in Figure 3.10 was used 
to attenuate the harmonic components in the current feedback signals. 
3.2.3 Deadband Comparator 
The deadband comparator shown in Figure 3.11, controls which switch is turned-on in an 
inverter leg. There are three deadband comparators, one for each leg of the bridge. The 
error signal for the third rotor phase er is derived using a combination of the other error 
signals ed and ee. The comparator outputs provide the six gate drive signals, which pass 
through the isolation and delay circuits to prevent inverter shoot-through, before they are 
applied to the driver circuits described in section 3.1.4. 
The closer the deadbands are together, the better is the approximation to a sinewave. Thus 
with the +/- 0.2 V deadband, a good sinewave rotor current was obtained, as shown in 
Figure 3.12 . 
3.3 Summery 
The experimental hardware for the quasi-squarewave and current-controlled voltage-source 
inverter drives has been described. A 180° conduction pattern is used, with a delay circuit 
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to avoid the problem of shoot-through. The hysteresis controllers were used rather then 
PWM current control techniques , as both the controller and modulation parts are in one 
unit. With the +/- 0.2 V dead band a good sine wave rotor current was obtained. 
The developed generator hardware, CCVSI, the inverter gate drive circuit and the 
protection circuits were used to investigate the system experimental performance. The 
generator open-loop performance at different rotor speeds and DC link voltages and the 
closed-loop control performance are presented in chapter 7. 
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CHAPTER 4 
CONVENTIONAL CLOSED-LOOP SYSTEM 
This Chapter describes the development of a conventional closed-loop system to control 
the generator output voltage and frequency under varying load and wind-speed conditions. 
The effects of these disturbances are investigated and the system performance is presented. 
Conventional control techniques may be applied to linear time-invariant single-input, 
single-output (SI80) systems. A Laplace domain transfer function model is derived, and 
the root-locus method is used to determine the system stability. State-variable voltage-
source and current-source models are presented for closed-loop operation using PI 
controllers. 
4.1 Control Models 
Two mathematical models were developed for the conventional closed-loop system. The 
first is a transfer function model and the second a state-variable model, both being based 
on the machine parameters used with the open-loop model described in Chapter 2. Both 
models are further classified into current- and voltage-source configurations. 
The block diagram of Figure 4.1 shows the s-domain closed-loop model for the system. 
TI(s) and T2(s) represent respectively the stator voltage and rotor current feedback 
transducers and GI(s) and G2(S) are the controller transfer functions to provide appropriate 
corrective action. The output voltage is compared with the demand voltage and the 
resulting error signal is processed using a PI controller GI(s) to generate the rotor current 
control signal. This is compared with the actual rotor current, and the resulting error signal 
is processed, using the internal loop i.e. deadband current control used for the current 
controlled voltage source inverter and thus the magnitude of the generator rotor current. 
The controller GI(s) is optimized for both voltage-source and current-source models 
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The generator output frequency is controlled by measuring the rotor speed nr and 
processing this to obtain the rotor current frequency f" as shown in Figures 4.2. The 
complete control scheme for the generator voltage and frequency, implemented with 
conventional control (CC), is presented in Figure 4.3. 
4.2 Generator Transfer Function Models 
The generator transfer function models were developed from the per-phase equivalent 
circuit supplied from either a constant-current or a constant-voltage source, as shown 
respectively in Figures 4.4 (a) and (b). 
4.2.1 Current-Source Model 
It is evident from Figure 4.4(a) that 
I, (s) = Im (s) + Is (s) 4.1 
and 4.2 
Substituting Equation 4.1 in 4.2 gives 
If Ra = (R, + R L) and La = (L, + LL)' the current source transfer function becomes 
G (s) = l.(s) = ( sLm ) 
gI I, Ra + s(La + Lm) 4.3 
Equation 4.3, together with the load, rectifier and filter circuits leads to the forward-path 
open-loop transfer function 
G (s) - ( sLm )(1.l1RL) 
fI - Ra +s(L, +Lm) sRC+l 4.4 
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where R and C are respectively the filter resistance and capacitance and the factor 1.11 
arises from the ratio of the RMS input phase voltage to the DC output voltage i.e. [ 1tr-;- ]. 
2'12 
4.2.1.1 PI Controller 
A PI controller is defined in the time domain by 
t 
yet) = Kpe(t) + K j J e(t)dt 
o 
4.5 
where yet) is the output signal and e(t) is the error signal. Kp and K, are respectively the 
proportional and integral constants. In the s-domain 
Yes) = ( Kp + ~j )E(S) 4.6 
The controller transfer function is then 
4.7 
K 
where Tj = -p is the integral action time. The PI controller adds to the original system a K j 
zero at s = -( ~:) and a pole at s = 0, increasing the system type by 1 and removing the 
steady-state tracking error [37]. 
4.2.1.2 Current-Source Closed-loop Transfer Function Model 
This was developed using MATLAB SIMULINK as shown in Figure 4.5. The transfer 
functions defined in equations 4.4 and 4.7 lead to the forward-path open-loop transfer 
function 
Glopen.loop(S) =Kp(S+ ;J(Ra +s~: +LmJS~~R:l) 4.8 
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= 4.9 R 1 (s+ a )(s+-) 
La +Lm RC 
Substituting the machine parameters given in Appendix A, and assuming a 69 n unity 
power factor load (used in the experimental study), the closed-loop transfer function for 
unity negative feed-back is 
G =42903K ' P ( 
(s+K./K) ) 
Iclosed-loop(S) . P S2 + (139.59 + 429.03Kp)s +[1295 + (429.03)K,] 4.10 
4.2.1.3 Determination of Control Parameters 
Referring to the closed-loop system model of Figure 4.6, the first objective is to set the 
controller parameters Kp and Ki to obtain a step input response with less than 5% overshoot 
and a settling time corresponding to a ± 5 % tolerance band. The gains for the PI controller 
were determined using MATLAB, employing the root locus method. Equation 4.9, has two 
open-loop poles, at SI = -129, S2 = -10 and a zero at s = -Ki / Kp, which is to be determined. 
The first step is to obtain the proportional constant Kp. Setting Ki = 0 in equation 4.10, the 
transfer function for the proportional part of the PI controller is 
( s ) Glpclosed-loop(S) = 429.03Kp s' + (139.59 + 429.03Kp)s + 1295 4.11 
Kp is increased to the critical value Kcr at which the output exhibits sustained oscillations. 
Thus the critical gain Kcr and corresponding period Per are obtained, from which Kp = 
0.45Kcr and Ki = 0.54Kc'! Per Zeigler-Nichols tuning method [37]. Using these 
relationships, the proportional constant that determines the root locus to be located at cross 
points is Kp= 0.025. 
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Equation 4.1 0 is used to obtain the value of the integral constant Kj. The overshoot and 
rise-time can be improved by adjustment of constants Kp and Kj. To achieve the 
performance objective of zero steady-state error and a rise-time (t,) of 220 ms, values ofKj 
= 2.53 and Kp = 0.025 were obtained. Substitution of these values in equation 4.1 0 gives 
the closed-loop transfer function as 
G () = (10 725)( s + 1 0 1.2 ) [c1osed.loop S • S2 +(150.316)s+1085.45 4.12 
Root locus plots for open-loop (equation 4.9) and closed-loop (equation 4.12) are shown 
respectively in Figures 4.7(a) and (b). These show that the system is stable, since the 
closed-loop poles (s} = -142.71, S2 = -7.61) and the zero (s = -101.2) all lie to the left of 
the jro axis in the s-plane. The root-locus plot for the closed-loop system shows the manner 
in which open-loop poles (crosses) and zeros (circles) are modified to meet the system 
performance specifications and stability. Figure 4.7(b) shows that the closed-loop control 
has the effect of pulling the root locus to the left, tending to make the system more stable. 
The parameters obtained for the PI controller are also used in the state-variable generator 
models described in section 4.3. 
The step-response for the closed-loop system defined by equation 4.12, is shown in 
Figures 4.8 (trace a). It exhibits zero steady-state error and a rise-time of 220 ms to a 
settling-time of 400 ms to within ± 5 % of the steady-state value. Figure 4.8 (trace b) 
presents the step response predicted by the state-variable model described later, which 
shows a good agreement with trace a. 
4.2.2 Voltage-Source Transfer Function Model 
It can be determined from Figure 4.4 (b), that the rotor current is 
I,(s) = ( V,(s)[s(Lm +L.)+R.] ) 
[R, +sL,HR. +s(Lm +L.)]+sLm(R. +sL.) 4.13 
Substituting equation 4.13 in 4.3 gives 
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I,(S)=( Vr(s)sLm ) 
[Rr +sLr][R. +s(L. +Lm)]+sLm(R. +sL.) 
4.14 
and thus the transfer function relating stator current to rotor voltage is 
Ggv(s) = ( 2 sLm ) 4.15 
[L.Lm +Lr(L. +Lm)]s +[R.(Lr+Lm)+Rr(L. +Lm)]s+R.Rr 
Including the load, rectifier and filter, leads to the forward path open-loop transfer 
function 
4.16 
Combining equations 4.16 and 4.7 gives 
_ ( Ki)( l.lRL) GVopen.loop(S)- Kp+-
s sRC+l 
or 
4.18 
whereK2 = l.lR LL m , al =L.Lm +Lr(L. +Lm), a2 = R.(Lr +Lm)+Rr(L. +Lm) and 
a3 = R. Rr. For a unity power factor load RL of 69 n, 
G ( ) - ( (35.77 Kp)(s + K j IKp) ) Vopen-Ioop S -
0.0247s3 +7.84s' +300.637s+2.247e+3 
The closed-loop transfer function with unity feedback can be expressed as 
Gvclosed-loop(S) = 
( 
(35.77Kp)(s+Kj IKp) J 
0.0247s3 + 7.84s' + (300.637 + 35.77Kp)s + 2.247e+3 + 36.77K j 
4.19 
4.20 
The control parameters for the closed-loop transfer function were determined using the 
method explained in section 4.2.1.3. Firstly the high-gain proportional controller is tuned to 
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obtain the required degree of accuracy and disturbance rejection and then the integral 
controller is added to obtain steady-state stability. The roots of the characteristic 
polynomial of the closed-loop transfer function determine the poles of the system. The 
root-loci for the open-loop and closed-loop transfer function generated with the same 
system specifications and parameters as for the current-source model are shown in Figures 
4.9(a) and (b) respectively. 
4.3 State-Variable Models 
The open-loop state-variable models presented in Chapter 2 are used to develop closed-
loop models. 
4.3.1 Current-Source State-Variable Model 
The open-loop current-source model described in section 2.2, together with the PI 
controller model were used with a unity-gain feedback loop to develop a closed-loop 
current-source model. A flow chart for the program is shown in Figure 4.10 and the 
transient response and steady-state behaviour of the closed-loop system were obtained 
using MATLAB. 
The closed-loop performance was predicted using both the transfer function and the state-
variable models. The variation of the effective magnetising current with load current for the 
two models is shown in Figure 4.11 from which it is evident that there is good correlation 
between the results. 
4.3.1.1 Transient Load Change 
Sudden system changes such as load application or rejection can effect the generator output 
voltage and frequency. The unity power factor (resistive) load changes are simulated, since 
they are associated with the fastest load current changes and cause the harshest conditions. 
Hence it is anticipated that the control scheme may cope with the slower load changes 
associated with inductive loads. The generator performance following load application is 
shown in Figure 4.12. 
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Figure 4.12(a) shows the predicted line voltage response, with the generator running under 
light load conditions (VL= 50 V, h= 0.2 A), when the load is suddenly increased. The 
response shows a 70% voltage sag, with a recovery to the demand value within 250 ms. 
The frequency remains unchanged, as shown in the voltage perturbation of Figure 4.13. 
The load current and the rotor current, shown respectively in Figure 4.13 (b), and (c), 
follow the same rise-time to reach their steady-state values. 
Figure 4.14(a) and (b) show the line voltage and load current responses during load 
rejection (a reversal of the load application conditions). The rotor current response is given 
in Figure 4.14(c). The current-source model settles down to steady state conditions more 
rapidly than could be achieved in practice, with the voltage error reducing to less than 20% 
within 50 ms. This discrepancy could be due to neglecting the rotor time-constant in the 
current-source model giving a reduced settling time. Consequently, the voltage-source 
model described in the next section was developed. 
4.3.2 Voltage-Source State-Variable Model 
The open-loop voltage-source state-variable model described in section 2.1 was combined 
with the PI controller model, to form a closed-loop model. The flow chart for the program 
is similar to that for the current-source model shown in figure 4.10. 
4.3.2.1 Transient Load change 
With the generator running at 1200 rpm, the output voltage was set to 50 V, 50 Hz and the 
load was adjusted to give a stator current of 0.2 A. An additional balanced 3-phase load 
was switched-in and the resulting line voltage, load current and rotor current responses are 
shown in Figure 4.15. This additional load was then rejected and the corresponding voltage 
and current responses are shown in Figure 4.16. 
As shown in Figure 4.16(a) the line voltage during load rejection settles down to steady-
state in 0.5 s, which is slower than that of the current source model. This indicates that the 
rotor time constant is influential in the voltage settling time. 
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4.4 Change of Wind Speed 
A wind turbine generator encounters frequent changes in rotor speed, due to 
a) Unpredictability of the macro-scale airflow, i.e. the average wind speed imposed by 
low and high-atmospheric pressure zones. 
b) Micro-scale airflow, i.e. rapid speed changes such as wind gusts, which cause fast 
fluctuations in the wind speed and hence fast transients in the power. 
Figure 4.17 shows the predicted generator line voltage waveform during macro-scale 
airflow variations using the voltage-source model. The rotor speed varies from sub-
synchronous to super-synchronous speed. To predict the generator performance under 
micro-scale airflow, the typical measured wind-speed profile shown in Figure 4.18 was 
used [38]. One of the wind gusts shown in Figure 4.18 (b) is defined by the equation 
4.21 
where nr is the rotor speed at time t, no the initial rotor speed at time to and nl the speed at 
the end of gust at tl. The time taken for the wind gust is1.26 s. Figure 4.19, shows the 
generator output voltage perturbation, line voltage waveform and voltage transient during 
the wind gust. The transient behaviour of the generator output voltage and speed during the 
transient is shown in Figure 4.20. That is the extended form of figure 4.19, at the point of 
rotor speed acceleration changeover and the voltage transient observed. 
4.5 Summery 
The conventional closed-loop structure, both for the current-source and voltage-source 
were presented to predict the generator performance under varying load and wind speed 
operations and these offer an attractive and cost effective way of predicting the system 
behaviour. 
It was hoped that the current-source model would simplify and speed-up the simulation 
process (as it does not include the rotor circuit time constant), but its limitations under 
transient conditions reduced its effectiveness. Under the study of load rejection it was 
observed that the model had a faster transient response than the voltage-source model and 
the practical results. 
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Thus the voltage-source model was used for further investigation. The transfer function 
models were used for optimisation of control parameters which were used both for the 
state-space representation and the transfer function models of the generator. The generator 
performance predicted by the voltage-source and transfer function models are in good 
agreement with experimental results. The small difference shows the errors in the 
measurement due the equipment calibration etc. 
The dynamic response of the generator, under realistic wind speed variations has been 
investigated both by simulation and experiment. The results shows a good agreement. 
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Figure 4.8 Step response of the closed-loop current-source model 
a) Transfer-function model 
b) State-variable model. 
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Figure 4.17 Transient speed response (voltage-source model) 
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CHAPTER 5 
FIELD-ORIENTED CONTROL OF THE SYSTEM 
The development of field-orientated techniques in induction motors control has 
considerably extended their use in high performance applications. The strategy may be 
either direct or indirect, depending on how the flux information is obtained. With direct 
field-orientated (DFO) control the flux information is either measured directly using Hall-
effect sensors or search coils, or calculated using a flux model. With indirect field-
orientated (IFO) control, the flux information is obtained from the stator currents and the 
rotor position [39]. 
DFO control includes a closed-loop rotor-flux controller and requires calculation of the 
rotor-flux modulus and position. This is the standard solution for high performance drives, 
but requires complicated algorithms [40]. 
IFO, which does not have a closed-loop rotor-flux controller, requires information on the 
angular position of the rotor-flux vector. This is calculated by integrating the angular speed 
of this vector, which can be determined using the rotor speed and stator current 
measurements. Calculation of the angular speed of the rotor flux is however very sensitive 
to errors in the rotor resistance, which changes widely with temperature [41]. 
Many passive and active excitation techniques have been proposed and implemented for the 
voltage and frequency control of induction generators. Some of these use field oriented 
control to supply the generator with the reactive power needed to achieve excitation [42]. 
Others use vector control, with voltage and frequency control achieved by defining the 
stator-flux spatial-vector to be aligned with the D-axis of the synchronous reference frame. 
The stator-flux spatial-vector depends upon the stator currents ins and iQS as load 
parameters, and on the rotor current iDR as an independent parameter [43-44]. 
Rotor flux oriented control modelling and simulation of a stand-alone induction generator 
with PWM VSI reactive power compensator is described in [45]. Thus the IFO control is 
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chosen for generator voltage and frequency regulation, through the medium of magnetising 
current control in the rotor reference frame. 
5.1 Induction Generator System 
Field-oriented control, with impressed rotor currents supplied by a current-controlled VS I, 
is implemented by estimating the magnitude and angle of the rotor flux. The proposed 
block diagram for the system is shown in Figure 5.1. 
5.2 System Dynamic Model 
The space-phasor representation resembles closely the two-axis model, but the simplicity 
and compactness of the space-phasor equations are ideal for the application of field-
oriented controllers. The indirect field-oriented control model is developed to include all 
the important dynamic effects occurring during steady-state and transient operation of the 
generator. Its validity is not seriously impaired by the following assumptions [46]. 
a) The generator has a symmetrical 3-phase Y-connected stator winding with an 
isolated neutral. 
b) Airgap mmf and flux density space harmonics are negligible 
c) The stator and rotor cores have infinite permeability. 
d) Skin effect and core loss are negligible. 
e) Slot and end-effects are negligible. 
The space phasor is, for the 3-phase stator currents as defined in the stator-based co-ordinate 
system by 
. . h' h2 • Is = la + Ib + le 5.1 
where h and h2 represents the spatial operator e j2x13 and e j4:r13 respectively, and ia, ib, ie 
are the instantaneous stator currents. 
The stator current space phasor can be physically interpreted as the fundamental mmf wave 
due to the three stator phases currents. Similarly, the space phasor for the 3-phase rotor 
currents representing the resultant mmf in the rotor-based co-ordinate system is 
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5.2 
where id, ie, ir are the instantaneous rotor currents. The construction of stator and rotor 
current space phasors and the angular relationship between the stationary and synchronous 
reference frames are shown in Figures 5.2(a) and 5.2(b). If 9, is the rotor angular 
displacement with respect to the stator, 0), its angular speed and P the number of pole-pairs, 
it is possible to change the reference frames of equations 5.1 and 5.2. The rotor current 
space phasor can be referred to stator co-ordinates by the transformation 
5.3 
and the stator space phasor referred to rotor co-ordinates by the transformation 
is' = i, e-jPe, 5.4 
The terms eipe, and e-jPe, are called vector rotators or co-ordinate transformations. The 
stator and rotor flux-linkage space phasors in stator and rotor co-ordinates may be defined 
as 
'1',= 'P. + h 'Pb+ h 2 'Pc 
'l'r= 'Pd+ h 'Pe + h 2 'Pr 
5.5 
5.6 
The flux-linkage space phasor may be physically interpreted as a space vector representing 
the resultant sinusoidal flux distribution in the generator airgap. Thus '1', and 'l'r expressed 
in terms of the stator (L,), rotor (L,) and mutual (M) inductances are 
and 
'1', = L, i, + M i, eipe, 
'l'r= M i, e-jPe, +L, ir 
5.7 
5.8 
Referring to the per-phase equivalent circuit for the generator shown in Figure 5.3, the 
stator voltage equation in stator-based co-ordinates may be written as 
Mpim =R,i, + L,pi, +v, 5.9 
where im is the magnetising current space phasor. 
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5.2.1 Rotor Flux Reference Frame 
The mutual airgap flux is a measure of the magnetising current, which is the vector sum of 
the stator and rotor currents in a common reference frame. In the stationary reference 
frame, the magnetising current space phasor may be expressed in terms of stator and rotor 
current space phasors, including the stator leakage flux, by 
5.10 
where im and p are polar co-ordinates with respect to the stator reference frame, as shown 
in Figure 5.2(b). The angle p is used to implement the vector rotation, from stator to rotor 
and vice versa, and 6s, the stator leakage factor, defines the relationship L, = (1 +O"s)M. 
Substituting for the magnetising current space phasor im from equation 5.1 0 into equation 
5.9 gives 
5.11 
where t,= (~:) is the stator time constant. 
Transforming equation 5.1 1 into field co-ordinates by multiplying each term by e-jp, and 
separating into real and imaginary parts, gives the rotor current in the D-Q reference frame 
as 
.• ((1+O"s) -jpe )(f' d 2' 1 f d) I DR = ts e ' IDS t+ tslDS+ R, VDS t 5.12 
.' ((1+O"s) -jpe )(f' d 2' 1 f d) I QR = ts e ' IQS t+ t,IQs+Rs vQS t 5.13 
where i'DR and i' QR are the calculated rotor currents. It is evident from equations 5.12 and 
5.13 that coupling exists between the rotor and stator current and voltage vectors. The 
frequency of the rotor current is determined from the relationships 
f, = f ,- p(~~) 5.14 
and 0) = 21t n = pe 
, " 
5.15 
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The values of the rotor current vectors, i' OR and i' QR are calculated in the rotor flux 
reference frame from measured values of the stator voltages Vos , VQS stator currents ins, iQs 
and the rotor angle e,. Equations 5.11-5.15 form a computational block that constitutes the 
controller, which provides control of quadrature and direct rotor current components using 
information on the stator voltage and current components in the rotor reference frame. 
5.3 Control Strategy 
Equations 5.11-5.15, are defined in the synchronously rotating D-Q reference frame. Thus 
the computational block may be expressed in the s-domain as 
im(s) = i,(s) eipe, - (1 +6,) i,(s) 5.16 
. () (1+0',) -jpe )(i,(S) 2' () V,(S») 1, s = e' --+ ,,1, S +--
" s sR, 
5.17 
., () ((1+0',) -jpe)(ios(S) 2 . () vos(S») 1 OR s = e' --+ "IoS s + ----""-'-.:.. 
" S sR, 
5.18 
.' () (1+0',) -jpe )(iQs(S) 2 . () VQs(s») 1 QR s = e' --+ "IQS S + 
" s sR, 
5.19 
The proposed controller in the s-domain is identical for the direct and the quadrature 
current components. Figure 5.4 presents the controller for the direct current component 
only. 
5.4 Implementation of Field-Oriented Control 
A simplified block diagram for the indirect field-oriented controller is shown in Figure 5.5. 
The analysis is carried out using a steady-state D-Q model. The generator output voltage 3-
phase voltage and current feedback signals are in the stator reference frame which are 
transformed into the D-Q components in rotor flux reference frame. The error signals are 
generated by comparing them with demand values and compensated through PI controllers. 
The compensated signals are fed to the calculator to obtain the magnitude of the rotor 
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current. The phase angle is determined by integration of the slip angular frequency COmr, 
measured from the derivative of the rotor incremental position data. Thus the rotor currents 
i' OR, i' QR and the angle p are calculated and applied to the rotor through the deadband 
current control circuit of the CCVSI. 
5.4.1 Vector Transformation 
The advantage of creating a co-ordinate system which rotates and follows the rotor 
reference frame is that it allows the machine to be effectively controlled by DC quantities. 
The proposed controller generates two reference rotor currents i'DR, i'QR that are referenced 
to a rotating reference frame, whereas the generator requires three-phase rotor current 
demands. At the same time, the three-phase voltage and current feedback signals are 
referenced to the stator, whereas the controller requires them in the rotating reference 
frame. 
Thus the transformations from stator-to-rotor co-ordinates and vice versa are achieved 
using vector transformations. The stator current vector is is first transformed into orthogonal 
components i. and ip and then into the required rotor co-ordinates by vector rotation. The 
required transformations are [47] 
[T(p ]Ph/DQ = . [ cosp 
-smp 
[T(p) ko/Ph = 
1 
1 
2 
1 
,mpf 1 --~l 2 cosp 0 J3 2 
o 
J3 
2 
J3 
[c~s p - sin p] smp cosp 
2 2 
[ V D(''')] = [T(p) ]PhIDQ[::] and v Q(aet) 
v, 
5.20 
5.21 
[~::l = [T(P)]DQ/Ph[~>R] 5.22 ... 1 QR 
1 r 
where p is the polar coordinate with respect to the stator reference axis. 
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5.4.2 Voltage Regulation Control Loop 
Voltage regulation is accomplished using stator voltage feedback with two proportional-
plus-integral (PI) regulators, as shown in Figure 5.5. The line voltage, load current and 
rotor speed, measured at the rotor shaft, are used as feedback for the voltage amplitude 
controller. From equations 5.9 and 5.10, the stator voltage in terms of stator and rotor space 
phasors is 
Vs =( Ls )~(irejpe, )-Rsis -2Ls(~(is») (l+crs) dt dt 5.23 
Equation 5.23 shows that the stator voltage depends upon the stator and rotor current 
components and the stator parameters Ls. and Rs. The current component is is load 
dependent and ir is the independent control variable. 
5.4.2.1 Implementation of the PI Controller 
The transformation from s-domain to the time domain requires the integral operation to be 
approximated by a discrete summation. Different approaches are used, such as zero-order 
hold (ZOH) or rectangular and first-order hold (FOH) or trapezoidal approximations or 
Tustin transformations [48]. The latter was used to obtain a more accurate conversion. For 
the rectangular approximation, the design is achieved in the analogue-domain. For the 
trapezoidal approximation the design is achieved directly in the z-domain using the pole 
placement technique. Conversion into discrete form requires a transformation action from 
the s-domain to the z-domain using the Tustin approximation 
s=~(::~) 5.24 
where T is the sampling period. Substituting 5.24 into 4.6 gives 
Y(z) = (2Kp T + T'K;)+ (2T'K;)Z-1 + (-2TKp + T'K;)z-' J 
' 5.25 E(z) 2T(1- z- ) 
where Y(z) and E(z) are respectively, the output and input to the PI controller, in z-domain. 
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simplification of equation 5.25 yields 
where 
Y(z) - Y(Z)Z-2 = K1E(z) + K2E(z)Z-1 + K 3E(z)Z-2 
T 
Kt =K +K.-p I 2 
T 
K3 =-K +K.-
p '2 
and z-Iand z-2represent the delay of the first and 2" last sample times. Taking an inverse 
z-transform of equation 4.25 gives 
5.26 
5.27 
where u(n) is the nth sample of output of the controller and u(n-2) the (n-2)th sample. The 
e(n), e(n-I) and e(n-2), are respectively the nth, (n-I)th and (n-2)th error signals. The gain 
constants KI, K2, K3 are obtained from the values of Kp, and Kj, which were determined 
using the conventional techniques discussed in section 4.3. 
5.4.3 Frequency Regulation Control Loop 
The generator output frequency is maintained constant as the rotor speed varies by 
imposing slip frequency rotor magnetising current from the CCVS Inverter. The change of 
rotor position (the electrical angle t.9re) is obtained from the pulse count (number of pulses 
per sample time) of the incremental encoder, which is reset through software when the 
maximum count is reached. 
The speed information (Or is obtained from the differential of 9re • The stator flux spatial-
vector angular speed must be constant in order to generate a stator voltage with constant 
frequency. Following equations 5.14 and 5.15, the magnetising current angular frequency is 
ffimr = 0)5 - COr 5.28 
and 9re = P9r 
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where ere is the rotor electrical angle used for calculation of mr and m, = 21tf, . The angle p is 
obtained by software integration of mm" used for the vector transformation from the stator 
to rotor reference frame and vice versa. 
5.4.4 Reverse Transformation 
The control scheme has been implemented in field co-ordinates and the generated reference 
current signals for the deadband controller are required in stator co-ordinates. This is 
achieved by the inverse co-ordinate transformation expressed by equations 5.21 and 5.22, 
to generate the alternating 3-phase rotor current references. 
5.5 Summery 
A space-phasor model was developed to formulate the computational block in the 
synchronous rotating D-Q reference frame, for the implementation of field-oriented control. 
The advantage of a fixed-axis or D-Q reference frame is that the coefficients of the 
differential equations are time-invariant, which results in an appreciable reduction in 
computing time compared with the phase model. While making the transformations from 
the phase model to D-Q model we make the assumption to neglect the effects of higher 
order harmonic. Thus only fundamental components are used in simulation. Thus creating a 
co-ordinate system which rotates and following the rotor reference frame allows the 
machine to be effectively controlled by DC quantities. 
Indirect field-oriented (IFO) control was chosen instead of direct field-oriented (DFO) 
control to regulate the generator magnetising current. This was because DFO control 
requires the flux angle to be measured directly using flux sensing coils or Hall effect 
devices. This proved to be impractical for general use. The IFO control method was used 
to estimate the flux angle from the equivalent circuit model and using measurements of 
rotor speed and stator voltage and current. 
The IFO control was implemented in the rotor reference frame, in which D-Q current and 
voltage values are referred to the reference frame aligned to the rotor flux. The rotor flux 
oriented control is a simple approach due to its simple decoupling equation. The starter and 
air gap flux reference frame can be used but they are more complex then the rotor oriented 
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flux model. The simulated results of the proposed model are compared with the 
experimental data and presented in chapter 7. 
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CHAPTERS 
FIELD-ORIENTED CONTROL OF THE SYSTEM 
The development of field-orientated techniques in induction motors control has 
considerably extended their use in high performance applications. The strategy may be 
either direct or indirect, depending on how the flux information is obtained. With direct 
field-orientated (DFO) control the flux information is either measured directly using Hall-
effect sensors or search coils, or calculated using a flux model. With indirect field-
orientated (IFO) control, the flux infonnation is obtained from the stator currents and the 
rotor position [39]. 
DFO control includes a closed-loop rotor-flux controller and requires calculation of the 
rotor-flux modulus and position. This is the standard solution for high performance drives, 
but requires complicated algorithms [40]. 
IFO, which does not have a closed-loop rotor-flux controller, requires information on the 
angular position of the rotor-flux vector. This is calculated by integrating the angular speed 
of this vector, which can be detennined using the rotor speed and stator current 
measurements. Calculation of the angular speed of the rotor flux is however very sensitive 
to errors in the rotor resistance, which changes widely with temperature [41]. 
Many passive and active excitation techniques have been proposed and implemented for the 
voltage and frequency control of induction generators. Some of these use field oriented 
control to supply the generator with the reactive power needed to achieve excitation [42]. 
Others use vector control, with voltage and frequency control achieved by defining the 
stator-flux spatial-vector to be aligned with the D-axis of the synchronous reference frame. 
The stator-flux spatial-vector depends upon the stator currents iDs and iQs as load 
parameters, and on the rotor current iDR as an independent parameter [43-44]. 
Rotor flux oriented control modelling and simulation of a stand-alone induction generator 
with PWM VSI reactive power compensator is described in [45]. Thus the IFO control is 
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chosen for generator voltage and frequency regulation, through the medium of magnetising 
current control in the rotor reference frame. 
5.1 Induction Generator System 
Field-oriented control, with impressed rotor currents supplied by a current-controlled VSI, 
is implemented by estimating the magnitude and angle of the rotor flux. The proposed 
block diagram for the system is shown in Figure 5.1. 
5.2 System Dynamic Model 
The space-phasor representation resembles closely the two-axis model, but the simplicity 
and compactness of the space-phasor equations are ideal for the application of field-
oriented controllers. The indirect field-oriented control model is developed to include all 
the important dynamic effects occurring during steady-state and transient operation of the 
generator. Its validity is not seriously impaired by the following assumptions [46]. 
a) The generator has a symmetrical 3-phase Y-connected stator winding with an 
isolated neutral. 
b) Airgap mmf and flux density space harmonics are negligible 
c) The stator and rotor cores have infinite permeability. 
d) Skin effect and core loss are negligible. 
e) Slot and end-effects are negligible. 
The space phasor is. for the 3-phase stator currents as defined in the stator-based co-ordinate 
system by 
5.1 
where h and h2 represents the spatial operator e j2n13 and e j4n13 respectively, and i., ib, ic 
are the instantaneous stator currents. 
The stator current space phasor can be physically interpreted as the fundamental mmf wave 
due to the three stator phases currents. Similarly, the space phasor for the 3-phase rotor 
currents representing the resultant mmf in the rotor-based co-ordinate system is 
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5.2 
where id, ie, if are the instantaneous rotor currents. The construction of stator and rotor 
current space phasors and the angular relationship between the stationary and synchronous 
reference frames are shown in Figures S.2(a) and 5.2(b). If e, is the rotor angular 
displacement with respect to the stator, 0), its angular speed and P the number of pole-pairs, 
it is possible to change the reference frames of equations 5.1 and 5.2. The rotor current 
space phasor can be referred to stator co-ordinates by the transformation 
5.3 
and the stator space phasor referred to rotor co-ordinates by the transformation 
i/ = i, e -jpe, 5.4 
The terms eipe, and e-jPe, are called vector rotators or co-ordinate transformations. The 
stator and rotor flux-linkage space phasors in stator and rotor co-ordinates may be defined 
as 
'1',= 'Pa+ h 'Pb + h 2'P. 
'1',= 'Pd+ h 'Pe + h 2'Pf 
5.5 
5.6 
The flux-linkage space phasor may be physically interpreted as a space vector representing 
the resultant sinusoidal flux distribution in the generator airgap. Thus 'P, and '1', expressed 
in terms of the stator (L,), rotor (L,) and mutual (M) inductances are 
and 
'1', = L, i, + M i, eipe, 
'I' = M' -jpe, +L . r .s e r Ir 
5.7 
5.8 
Referring to the per-phase equivalent circuit for the generator shown in Figure 5.3, the 
stator voltage equation in stator-based co-ordinates may be written as 
M pim = R, i, + L, pi, + v, 5.9 
where im is the magnetising current space phasor. 
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5.2.1 Rotor Flux Reference Frame 
The mutual airgap flux is a measure of the magnetising current, which is the vector sum of 
the stator and rotor currents in a common reference frame. In the stationary reference 
frame, the magnetising current space phasor may be expressed in terms of stator and rotor 
current space phasors, including the stator leakage flux, by 
5.10 
where im and p are polar co-ordinates with respect to the stator reference frame, as shown 
in Figure 5.2(b). The angle p is used to implement the vector rotation, from stator to rotor 
and vice versa, and 6" the stator leakage factor, defines the relationship L, = (I +O',)M . 
Substituting for the magnetising current space phasor im from equation 5.10 into equation 
5.9 gives 
5.11 
where ',= (~:J is the stator time constant. 
Transforming equation 5.11 into field co-ordinates by multiplying each term by e-ip. and 
separating into real and imaginary parts, gives the rotor current in the D-Q reference frame 
as 
.' ((1+O',)-iPe )(J'd 2' If d) 
, OR = " e ' 'os t + ,,'os+ R, vos t 5.12 
.• (1+0',) -ipe )(J' d 2' I J d) 
, QR = " e ' 'Qs t + ,,'Qs+ R, v QS t 5.13 
where i' OR and i' QR are the calculated rotor currents. It is evident from equations 5.12 and 
5.13 that coupling exists between the rotor and stator current and voltage vectors. The 
frequency of the rotor current is determined from the relationships 
5.14 
and 0) = 211 n = pe , r r 5.15 
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The values of the rotor current vectors, i'OR and i'QR are calculated in the rotor flux 
reference frame from measured values of the stator voltages Vos , vQs stator currents ios, iQs 
and the rotor angle er. Equations 5.11-5.15 form a computational block that constitutes the 
controller, which provides control of quadrature and direct rotor current components using 
information on the stator voltage and current components in the rotor reference frame. 
5.3 Control Strategy 
Equations 5.11-5.15, are defined in the synchronously rotating D-Q reference frame. Thus 
the computational block may be expressed in the s-domain as 
im{s) = ir{s) eiper - (1 +6,) i,{s) 5.16 
. () ((1+0',) -jpe )(i,{S) 2' () V,{S)) Ir S = e' --+ t,l, S +--
t, s sR, 
5.17 
.' () ((1+0',) -jpe )(ios{S) 2 . () vos{S)) I OR s = e' --+ t,los S + --""-'--'-
t, s sR, 
5.18 
.' () ((I+O',) -jP9 )(iQs{S) 2 . () _VQ:o::,s_{S)_) I QR s = e' --+ t,lQS S + 
t, s sR, 
5.19 
The proposed controller in the s-domain is identical for the direct and the quadrature 
current components. Figure 5.4 presents the controller for the direct current component 
only. 
5.4 Implementation of Field-Oriented Control 
A simplified block diagram for the indirect field-oriented controller is shown in Figure 5.5. 
The analysis is carried out using a steady-state D-Q model. The generator output voltage 3-
phase voltage and current feedback signals are in the stator reference frame which are 
transformed into the D-Q components in rotor flux reference frame. The error signals are 
generated by comparing them with demand values and compensated through PI controllers. 
The compensated signals are fed to the calculator to obtain the magnitude of the rotor 
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current. The phase angle is detennined by integration of the slip angular frequency COmr, 
measured from the derivative of the rotor incremental position data. Thus the rotor currents 
j'DR, i' QR and the angle p are calculated and applied to the rotor through the deadband 
current control circuit of the CCVSI. 
5.4.1 Vector Transformation 
The advantage of creating a co-ordinate system which rotates and follows the rotor 
reference frame is that it allows the machine to be effectively controlled by DC quantities. 
The proposed controller generates two reference rotor currents i'DR, i'QR that are referenced 
to a rotating reference frame, whereas the generator requires three-phase rotor current 
demands. At the same time, the three-phase voltage and current feedback signals are 
referenced to the stator, whereas the controller requires them in the rotating reference 
frame. 
Thus the transfonnations from stator-to-rotor co-ordinates and vice versa are achieved 
using vector transfonnations. The stator current vector is is first transfonned into orthogonal 
components i. and ip and then into the required rotor co-ordinates by vector rotation. The 
required transfonnations are [47] 
[TCp ]PhIDQ = . [ 
cosp 
-smp 
Sin p][1 
cosp 0 
o 
1 
2 
.J3 
2 
[TCp) ~IPh = 
1 
1 
2 
1 
.J3 
2 
.J3 
[c~sp -sinp] smp cosp 
2 2 
[:D('.)] = [TCP)]Ph/DQ[::] and Q(act) 
v, 
[~::l = [TCP)]DQIPh[~>R] .• 1 QR 
1 f 
where p is the polar coordinate with respect to the stator reference axis. 
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5.20 
5.21 
5.22 
5.4.2 Voltage Regulation Control Loop 
Voltage regulation is accomplished using stator voltage feedback with two proportional-
plus-integral (PI) regulators, as shown in Figure 5.5. The line voltage, load current and 
rotor speed, measured at the rotor shaft, are used as feedback for the voltage amplitude 
controller. From equations 5.9 and 5.10, the stator voltage in terms of stator and rotor space 
phasors is 
_ ( L, ) d (. jpe,) R' 2L (d (. ») Vs - -\lre - S.5- S -1, (1+0',) dt dt 5.23 
Equation 5.23 shows that the stator voltage depends upon the stator and rotor current 
components and the stator parameters L,. and R,. The current component is is load 
dependent and ir is the independent control variable. 
5.4.2.1 Implementation of the PI Controller 
The transformation from s-domain to the time domain requires the integral operation to be 
approximated by a discrete summation. Different approaches are used, such as zero-order 
hold (ZOH) or rectangular and first-order hold (FOH) or trapezoidal approximations or 
Tustin transformations [48]. The latter was used to obtain a more accurate conversion. For 
the rectangular approximation, the design is achieved in the analogue-domain. For the 
trapezoidal approximation the design is achieved directly in the z-domain using the pole 
placement technique. Conversion into discrete form requires a transformation action from 
the s-domain to the z-domain using the Tustin approximation 
s = ~G:~) 5.24 
where T is the sampling period. Substituting 5.24 into 4.6 gives 
where Y(z) and E(z) are respectively, the output and input to the PI controller, in z-domain. 
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simplification of equation 5.25 yields 
where 
Y(z) - Y(Z)Z-2 = K1E(z) + K 2E(z)Z-1 + K3E(z)Z-2 
T 
K, =K +K.-p , 2 
T 
K3 =-K +K.-p , 2 
and z·land Z·2 represent the delay of the first and 2n last sample times. Taking an inverse 
z-transform of equation 4.25 gives 
u(n) = (u(n -2) +K,e(n) + K 2e(n -I) + K3e(n -2») 
5.26 
5.27 
where u(n) is the nth sample of output of the controller and u(n-2) the (n-2)th sample. The 
e(n), e(n-l) and e(n-2), are respectively the nth, (n-I)th and (n-2)th error signals. The gain 
constants KI, K2, K3 are obtained from the values of Kp, and K;, which were determined 
using the conventional techniques discussed in section 4.3. 
5.4.3 Frequency Regulation Control Loop 
The generator output frequency is maintained constant as the rotor speed varies by 
imposing slip frequency rotor magnetising current from the CCVS Inverter. The change of 
rotor position (the electrical angle ~ere) is obtained from the pulse count (number of pulses 
per sample time) of the incremental encoder, which is reset through software when the 
maximum count is reached. 
The speed information COr is obtained from the differential of 9re . The stator flux spatial-
vector angular speed must be constant in order to generate a stator voltage with constant 
frequency. Following equations 5.14 and 5.15, the magnetising current angular frequency is 
OOmr = COs - ror 5.28 
and 9re = per 
86 
where e,e is the rotor electrical angle used for calculation of 0), and 0), = 21tf, . The angle p is 
obtained by software integration of O)m" used for the vector transfonnation from the stator 
to rotor reference frame and vice versa. 
5.4.4 Reverse Transformation 
The control scheme has been implemented in field co-ordinates and the generated reference 
current signals for the deadband controller are required in stator co-ordinates. This is 
achieved by the inverse co-ordinate transfonnation expressed by equations 5.21 and 5.22, 
to generate the alternating 3-phase rotor current references. 
5.5 Summery 
A space-phasor model was developed to fonnulate the computational block in the 
synchronous rotating D-Q reference frame, for the implementation of field-oriented control. 
The advantage of a fixed-axis or D-Q reference frame is that the coefficients of the 
differential equations are time-invariant, which results in an appreciable reduction in 
computing time compared with the phase model. While making the transfonnations from 
the phase model to D-Q model we make the assumption to neglect the effects of higher 
order hannonic. Thus only fundamental components are used in simulation. Thus creating a 
co-ordinate system which rotates and following the rotor reference frame allows the 
machine to be effectively controlled by DC quantities. 
Indirect field-oriented (IFO) control was chosen instead of direct field-oriented (DFO) 
control to regulate the generator magnetising current. This was because DFO control 
requires the flux angle to be measured directly using flux sensing coils or Hall effect 
devices. This proved to be impractical for general use. The IFO control method was used 
to estimate the flux angle from the equivalent circuit model and using measurements of 
rotor speed and stator voltage and current. 
The IFO control was implemented in the rotor reference frame, in which D-Q current and 
voltage values are referred to the reference frame aligned to the rotor flux. The rotor flux 
oriented control is a simple approach due to its simple decoupling equation. The starter and 
air gap flux reference frame can be used but they are more complex then the rotor oriented 
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flux model. The simulated results of the proposed model are compared with the 
experimental data and presented in chapter 7. 
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the generator rotor windings to reduce current ripple. Three single-phase transformers 
are star-star connected to provide isolation between the control and power stages. 
The generator power flow shown in Figure 6.2(a) depends on the mode of operation. At 
sub-synchronous and synchronous speed (s 2: 0), power flows into the rotor from the 
inverter as shown in Figure 6.2(b) and at super-synchronous speed (s<O), it flows out of 
the rotor back to the inverter as shown in Figure 6.2( c), in which P gr, Pes and Per are 
respectively the generator rotational losses and the total stator and rotor loses. 
The energy recovered under super-synchronous conditions increases the voltage across 
the DC link capacitor, which could seriously damage the inverter switching devices. 
Since this energy cannot be returned to the 3-phase supply, due to the blocking effect of 
the rectifier supplying the DC link, a dump circuit is required to dissipate excess 
energy, as shown in Figure 6.3. 
The values of VRI and VR2 are adjusted such that transistor ZTX302 and the power 
MOSFET are off during sub-synchronous and synchronous operation. During super-
synchronous operation, the DC link voltage and consequently the voltage across VRl 
increase, causing transistor ZTX302 and the power MOSFET to turn-on. Thus power is 
dissipated in resistor RI (Sk Q/220 W) and the voltage across the DC link capacitor is 
restricted. 
6.2 Feedback Signal Measurement 
The system quantities to be measured are line voltage, stator current, rotor current, 
speed and position. The circuits required to obtain these quantities are described below. 
6.2.1 Phase Voltage and Load Current 
The phase-voltage feedback circuit is shown in Figure 6.4(a). Three single-phase step-
down transformers are star-connected as shown in the block diagram of Figure 6.1, with 
their secondary star point connected to the control circuit ground. The transformer 
outputs are connected to TB-l(ll) to (13) and applied to voltage followers US(a), 
US(b) and U7(a). Zero offset adjust and gain control is achieved using U6(a), U6(b) 
and U7(b). Butterworth band-pass filters U9(a), U9(b) and UIl(a) reduce unwanted 
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noise and with the measured and nonnalised frequency response is shown in Figure 6.5. 
Gain control amplifiers UlO(a), UlO(b) and UII(a), shown in figure 6.4(a), control the 
amplitude of the feedback signals to AID converter channels 4, 5 and 6. 
The stator current feedback circuit is shown in Figure 6.4(b). Hall-effect sensors T3 and 
T 4 measure two phase currents (i. and ib) and the third phase current (ic) is derived from 
these. Signal conditioning is similar to that used for the rotor current feedback circuit 
described in section 3.2.2. As shown in figure 6.4(b), the load currents signals i. and ib 
are applied to followers UI(a) and UI(b). Offset adjustment circuits U2(a) and U2(b) 
remove the DC offset and Butterworth low-pass filters U3(a) and U3(b) reduce 
unwanted noise. The third current signal ic is generated using stages U8(b) and U8(a), 
the summing amplifier and the gain control amplifier circuits respectively. These 
signals are applied to AID converter, channels I, 2, and 3. A photograph of the 
measurement and signal conditioning circuit board is shown in Figure 6.6. 
6.2.2 Rotor position and speed measurement 
The rotor position and speed are measured using a 1250 pulse/rev. shaft-mounted 
incremental encoder. The encoder body is earthed, to minimise electrical noise in the 
measurement circuit. The encoder pulses are counted in software over a sampling time 
of I ms and used to calculate the rotor position in radians. 
Figure 6.7 shows the block diagram of the rotor position and speed measurement and 
PC interface circuit. To improve position resolution, pulse quadrupling using a 
Quadrature DecoderlCounter Interface IC (HCTL-2020) was used. A tri-state octal D-
type transparent latch (DM74LS373) implements buffer registers, I/O ports and 
bidirectional bus driver to the outputs derived from 4x decode logic. Thus (4xI250) 
pulses are counted per revolution and the counter resets after the maximum count is 
reached. 
An 8255/8253, I/O card was used to interface the input encoder pulses with the PC. 
The set of software addresses for the C-code was selected by physically using jumpers 
on the card for the selected port (2). A pre-configured card was inserted in the computer 
slot to measure the encoder pulses. The change in rotor position was computed from 
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the number of pulses, counted within the sample time I ms. Thus the rotor position 
change in I ms is 
~e = (21tPPc) 
r. 5000 
=KPc 
and the actual rotor position is 
ere = er.(n -I} + ~ere 
6.6 
6.7 
where P is the number of generator pole-pairs, Pc the number of pulses per sample-time 
and K is a constant. The generator has four poles, so that 5000 pulses correspond to 
720° (electrical). The time derivative of position determines the speed as 
6.8 
where T is the sample time (I ms) and the rotor speed (m,) is measured in rads- I • 
6.2.3 Feedback Scaling 
It is important that the feedback signals are compatible with the control circuit, and 
signal conditioning circuits are consequently used to provide the desired gain between 
the feedback quantity and its corresponding demand. 
The generator phase voltages were obtained using a 240/15 V step-down transformer 
and the load current using Hall effect Transducers. The overall current loop-gain of 0.5 
VIA was obtained with the aid of a terminating resistance of 0.5 kO. Thus the closed 
loop gains for the feedback (voltage and current) signals are 
a} Voltage-loop gain = 0.0286 VN 
va(max) = 70 V Step down Signal 2V 
~ Transformer conditioning 
16:1 1:0.457 
b} Current-loop gain = 0.5 VIA 
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ia(max) ,id(max) = 5 A Hall Effect Signal 2.5V 
Sensor conditioning 
1:0.002 0.002:0.5 
6.3 Control System Implementation 
A block diagram for the control scheme is given in Figure 6.8. The generator feedback 
stator phase voltage and load current signals (Va, vb,ve,ia, ib and ie) are applied to the AID 
converter through the measurement and signal conditioning circuit. 
The high-precision 12-bit AID channels could be configured as either sixteen single-
ended or eight bipolar channels for data conversion, with two 12-bit D/A channels, The 
bipolar format was used both for AID and DI A conversion. The port address for the 
bipolar conversion format was obtained by the appropriate selection of jumpers on the 
ADIDA card. The conversion times for AID and DI A acquisition are respectively 28 I1S 
and 211S. 
The control algorithms for both closed-loop control (CC and FOC) systems are 
discussed in section 6.3. I and 6.3.2 respectively. The rotor current amplitude and phase 
angle are determined by the controller and fed to the DI A converter, the output of 
which is applied to follower circuits UI8(b) and UI9(b), gain control circuits UI8(a) 
and UI9(a) and the bandpass Butterworth filters UI7(a) and UI7(b), as shown in 
Figure 6.4(a). Photographs of the AD IDA and VO cards are shown respectively in 
Figures 6.9 and 6. I 0 and of the complete control system in Figure 6. I I . 
6.3.1 Conventional Control (CC) 
The stator phase voltage feedback signal is applied to the controller, and an error signal 
is determined by comparing this with the voltage demand signal. The error signal is 
compensated by a PI controller and the amplitude of the rotor current is determined by 
the controller. The frequency of the generated reference current is determined by the 
measurement of rotor position and speed at every sample time, which in turn 
determines the rotor current frequency using the relationship 
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f, = f, -Pn, 
6.3.2 Field-Oriented Control (FOC) 
The generator rotor current control is performed in the rotor D-Q reference frame with 
the feedback signals transformed into the D-Q reference frame and error signals 
determined by comparison with the demand signals. These error signals are 
compensated using two PI controllers and the amplitudes of the reference current 
signals are determined by the calculator of Figure 6.8. The phase angle p is calculated 
and the reference current, i'DR and i' QR are transformed to stator coordinates, which are 
applied to the deadband controllers to generate the inverter switch command signals. 
6.4 Software Implementation 
The software written in C-code uses Open-watcom (C-compiIer and Debugger) which 
is freely available on the internet. At t = 0, initialisation of the system variables, such as 
samples of the feedback variables, AID conversion and I/O cards is performed. A timer 
based software interrupt for Ims was used for calculation and data storage processing. 
6.4.1 Conventional Control 
The generator voltage and frequency control, during variable speed operation was 
developed using C-language and is presented in the flow chart of Figure 6.12. 
6.4.2 Field-Oriented Control 
A flow chart of the simulation process for the implementation of indirect field-
oriented control, developed using C-language, is shown in Figure 6.13. With the use of 
this algorithm, decoupled control of the rotor magnetising current is achieved. All 
control functions are computed once every loop-time. The calculated amplitude of the 
rotor magnetising current and phase angle determines the D-Q current components. 
The calculated two reference current components i'DR and i'QR are transformed to the 
stator coordinates, using the reverse transformation given in equation 5.21 and then 
followed by the D/A converter. Thus the obtained analogue rotor current components 
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id, and ie, are used to generate the 3,d component if through hardware and that are then 
used in the inverter gate control circuit. 
6.5 Summery 
The closed-loop hardware, experimental arrangement comprises the hardware and 
software required to implement both Conventional Control (CC) and Indirect Field-
oriented Control (IFOC) is presented. A PC-based solution was implemented, with two 
data accusation boards (I/O and AID/A) and a measurement and signal conditioning 
circuit to acquire the feedback signals. 
The rotor position and speed are measured using a shaft-mounted incremental encoder. 
The quadrature decoder was used to improve the pulse count resolution and the count 
data is used as the incremental position input. Time derivative of position determines 
the speed 
The developed control algorithm proved that the proposed system is a variable speed 
constant frequency SEIG, can be used for the remote area power applications. 
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CHAPTER 7 
THEORETICAL AND EXPERIMENTAL RESULTS 
This chapter presents theoretical and experimental results for the generator operating 
in both open-and closed-loop. To investigate the dynamic response, the generator was 
driven by the separately-excited DC motor specified in Appendix A. 
The generator open-loop performance was investigated with the rotor winding 
supplied from the inverter, and operating in both the quasi-squarewave and the current 
controlled voltage-source modes. The closed-loop performance was investigated 
under current controlled voltage-source operation. Results both from steady-state and 
transient investigations are presented below. 
7.1 Generator Open-loop Performance 
7.1.1 Quasi- Squarewave Operation 
Quasi-squarewave operation of the inverter supplying the generator rotor currents was 
investigated under sub-synchronous, synchronous and super-synchronous operating 
conditions. The variations of stator line voltage with load current for a unity power 
factor load and different inverter DC link voltages were predicted using the voltage-
source model, and these were compared with experimental results obtained for the 
same operating conditions. The results for various DC link voltages at rotor speeds of 
1200 rpm (sub-synchronous), 1500 rpm (synchronous), and 1800 rpm (super-
synchronous), are presented in Figures 7.1(a) to (b). Clearly, the simulated and 
experimental results show the same patron of line voltage variations. 
The rotor current at synchronous speed is DC, so that the impedance of the rotor 
circuit is purely resistive whereas, at sub-and super-synchronous speeds, the current is 
AC and the impedance is consequently larger. This results in a higher rotor current, 
airgap flux and therefore generated voltage at synchronous speed when compared 
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with other speeds. The poor agreement seen in theoretical and experimental results at 
synchronous speed may be due to reading error of instruments. 
Simulated and experimental rotor and load current waveforms at speeds of 1200, 
1500 and 1800 rpm are presented in Figure 7.2. The corresponding harmonic line 
voltage spectra for the three rotor speeds are shown in Figure 7.3. It is evident that 
line voltage harmonics are present at both sub-and super-synchronous speeds. This is 
due to the quasi-squarewave rotor voltages produce rotor current and therefore airgap 
flux harmonics. At synchronous speed the rotor current is DC and the line voltage 
does not contain harmonics. Simulated and experimental results again show an 
agreement. The difference lies due to small errors in measurements. 
7.1.2 Current Controlled Voltage-Source Operation 
The current-source model was verified theoretically by comparing its performance 
with that of the voltage-source model for the same operating conditions. Variations of 
the generator line voltage with a unity power factor load at an inverter DC link 
voltage of 70 V and rotor speeds of 1200, 1500 and 1800 rpm. are shown in Figure 
7.4(a) to (c). The simulated results plotted on the same graph show good correlation 
and validate the current-source model. 
The generator performance, predicted for different rotor speeds and power-factor 
loads using the current-source model with a sinusoidal rotor current having a peak 
value of 3 A is shown in Figure 7.5. The experimental results, also plotted in Figure 
7.5, show again good correlation with the simulated results. The generator load 
characteristics at all rotor speeds and power factor loads are very similar in their fall 
off with increasing load. 
Figure 7.6 shows generator rotor current and load current waveforms for sinusoidal 
rotor current operation, with simulated and experimental waveforms at different rotor 
speeds presented side-by-side. The rotor current frequencies (10, 0 and 10 Hz) 
respectively at sub-, synchronous and super-synchronous speeds (1200, 1500 and 
1800 rpm) are justified by the generator frequency control equation 1.1 
(f, = f, - Pn,), where f, = 50 Hz. 
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The open-loop steady state performance presented in Figures 7.1 to 7.6 reveals the 
following features 
a) The computational techniques used in the analysis are justified by the accurate 
comparisons of experimental and theoretical results. 
b) The modulation effect in the generator load current waveform for open-loop 
quasi-squarewave operation is evident in Figure 7.2(a) and (c). The generator 
voltage is referred to the applied rotor current and therefore has this 
modulation in addition to the rotor current frequency. 
7.1.3 Transient Performance 
The load current transient following a sudden change in a unity power factor load is 
shown in Figure 7.7(a). The generator was initially running at 222 V, 0.22 A when a 
step change of 1.2 A was made in the load current. Figure 7.7(b) shows the transient 
variations following step rejection of the same load. 
It is evident from the experimental (load current) waveforms that, at the point ofload 
application and rejection, the amplitude of the first half-cycle of the load current 
waveform decreases. This may be due to asymmetrical closure of the switch contacts, 
as the load was switched on and off by using a manual switch. 
7.2 Closed-loop Performance 
The generator closed-loop performance for both conventional and field oriented 
closed-loop control strategies was studied. 
7.2.1 Conventional Control 
Simulated and experimental results for steady-state and transient conditions are 
presented for three different modes of operation; sub-synchronous, synchronous and 
super-synchronous with the experimental set-up described in Chapter 6. Theoretical 
and experimental rotor current and line voltage waveforms under steady-state speed 
and load conditions are shown in Figures 7.8 to 7.10. The line voltage and two rotor 
current (id and if) waveforms, show good correlation. 
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The frequency of the output voltage remains constant (50 Hz) at all rotor speed range 
(1400,1500 and 1600 rpm). 
7.2.2 Field-Oriented Control 
The experimental set-up for this control scheme was again described in Chapter 6. 
The generator performance with the application of field-oriented control was initially 
studied under a balanced unity power factor load. Both simulated and experimental 
results were obtained under steady-state conditions for different rotor speeds. 
Generator line voltage and the rotor current waveforms are shown in Figures 7.11 to 
7.13. 
As before, theoretical results show good agreement with experimental data. The 
rotor current frequency was controlled at 3.34, 0 and 3.34 Hz, at all rotor speeds 
(1400, 1500 and 1600 rpm) and the phase sequence of the rotor current is reversed at 
super-synchronous speed operation as depicted in Figure 7.1 1 (b) and Figure 7.13(b). 
The rotor current, id is leading if in Figure 7.11(b) and is lagging in Figure 7.13(b) 
where the rotor current frequency follows the relationship (fr = f, - Pnr) expressed 
by equation 1.1. 
7.2.2.1 Speed Variation 
Timing for the rotor acceleration is taken from a typical speed variation obtained 
through manual DC motor speed control, from sub-synchronous to super-
synchronous, as shown in Figure 7.14(c). The same acceleration was used in 
simulations to calculate the rotor current and the generated line voltage. 
Theoretical and experimental results during the transition through synchronous speed 
are shown in Figure 7.14. The rotor current waveforms for phases id and if during the 
transition period shown in Figure 7 .I4(b) confirm that the phase sequence changes 
when going through synchronous speed. The rotor current waveform has the time 
base corresponds to the time base marked (a) and (b) in Figure 7.14(c) i.e. from 700-
1600 rpm. The generator output voltage waveforms are shown in Figure 7.14(a), for 
the time when the rotor speed is changing from sub-to super-synchronous. It is 
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evident that the amplitude and frequency both remain constant. The controller 
responds as soon as the speed starts to change, outputting a corresponding control 
signal to keep the generator output at constant voltage and frequency. 
From these results, it is evident that, the control system can maintain the output 
voltage amplitude and frequency constant, irrespective of any speed fluctuations. 
7.2.2.2 Load Application and Rejection 
The generator output voltage and load current regulation capability, was investigated 
under transient load conditions. Theoretical and experimental results are both shown 
in Figure 7.15. 
A step change in load was applied when the generator was running at a steady-state 
conditions of IL = 0.42 A , VL = 50 V and a rotor speed 1400 rpm. Figure 7.15(a) 
shows that the voltage sag of less than 20% of the demand voltage is recovered in less 
than 75 ms. 
The rotor current following the load application (shown the Figure 7.15(c» exhibits 
an overshoot of about 0.7 A before settling down to an increased steady-state value. 
The rise time and the settling time for all three waveforms follow the same pattern. 
Theoretical and experimental results show good correlation. 
Figure 7.16 presents the dynamic response for sudden load rejection under the same 
operating conditions as for load application. The voltage waveform of Figure 7.16(a) 
shows that the voltage surge at load rejection is 20% of rated voltage (VL = 70 V 
peak) and that this settles down rapidly to the steady-state value. The theoretical and 
experimental settling times are respectively 75 and 80 ms, with the difference 
probably due to the instrumental calibration etc. 
The load and rotor currents follows the same pattern. Figure 7 .16( c) presents the rotor 
currents id and if obtained from both simulation and experiment. A rotor current sag 
of about 0.5 A is observed at the time of load rejection and the steady-state value is 
attained within 100 ms . 
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The generator output frequency remains constant during both load application and 
rejection. 
7.3 Comparison of ConventionaIlField-Oriented Control Schemes 
A comparison of both control schemes was carried out for a similar set of generator 
operating conditions of load and wind speed. The simulated results were obtained at 
rated voltage (Vph = 230 V) and load and rotor currents (2.4 and 3.3 A), for the 
steady-state operation and transient conditions. The generator dynamic performance 
was investigated under three different modes 
a) Sub-synchronous, rotor speed 1400 rpm 
b) Synchronous, rotor speed 1500 rpm 
c) Super-synchronous, rotor speed 1600 rpm. 
The results obtained from both schemes are presented below. 
7.3.1 Steady-State Operation 
Figure 7.17 to Figure 7.19 show the generator steady state performance at rated 
voltage and load current, but different rotor speeds. The amplitude and frequency of 
the generator output voltage remain constant under the implementation of both control 
schemes. The rotor current frequency varies in accordance with the variation of rotor 
speed, whereas the peak-to-peak value of the rotor current is a function of load 
demand and is independent of the mode of operation. 
7.3.2 Transient Analysis 
7.3.2.1 Step Response 
The generator performance following the application of a step load, with both the 
control schemes, is presented in Figure 7.20. As a consequence of the proportional 
plus integral action of the conventional control scheme, the output voltage (marked as 
'a') takes 500 ms to settle down to the steady-state value whereas the field-oriented 
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control is much faster and the settling time is onlylOO ms. The step voltage rise times 
for the two schemes are respectively 45 and 180 ms. 
7.3.2.2 Load Application and Rejection 
Figures 7.21 to Figure 7.22 show the response to sudden load application and 
rejection, under both control schemes. The RMS values of the generator phase 
voltage, load current and rotor current are plotted to demonstrate the corresponding 
voltage settling times. The phase voltage deviation from the demanded value is 16% 
during the step load application, as shown in Figure 7.21(a). Figures 7.21(b) and (c) 
show the response of the load and rotor currents. Figures 7.22(a) to (c) presents the 
generator output phase voltage, load current and the rotor current variations following 
rejection of the same load. 
The conventional control scheme takes respectively 500 and 300 ms for the output 
voltage to settle down to steady-state value following both load application and 
rejection, whereas the field-oriented control settling time is only 75 ms. 
7.3.2.3 Speed Variation 
A simulation ofthe effect of wind speed variations taken from a typical offshore wind 
gust, (see figure 4.16(b» was undertaken for both control schemes. Figure 7.23 shows 
the generator performance for a rotor speed variation from sub-synchronous to super-
synchronous modes. The phase sequence of the 3-phase rotor current clearly changes 
at the super-synchronous speed. However the rotor current amplitude and, intern, the 
generator output voltage remain constant during the rotor speed acceleration. 
Figure 7.24 shows the rotor current behaviour as the rotor speed increases from sub-
synchronous to synchronous speed. The rotor current changes from sinusoidal to 
steady-state DC after a delay due to the system time-constants. 
The 3-phase generator voltages during the speed changes are shown in Figure 7.25. 
Figures 7.25(a) to (c) present the phase voltage waveforms as the rotor speed 
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approaches synchronous speed. Voltage transients (a surge followed by a sag) can be 
observed at the time when the speed reaches the synchronous value. 
Figure 7.26 presents the rotor current waveforms as the rotor speed varies above the 
synchronous value. The rotor current changes from DC to a sinusoidal waveform 
following a small current transient. The change of the rotor frequency depends on the 
rotor acceleration and its value at any instant depends on the corresponding speed. 
The generator phase voltage waveforms are shown in Figure 7.27(a) to (c). Voltage 
dips can be seen at the time of rotor speed mode change (synchronous to super-
synchronous) before they recover to a good sinewave of constant amplitude and 
frequency. 
It is clear that the generator output frequency remains constant throughout the rotor 
speed variations 
7.4 Summery 
Both the open-loop and closed-loop system performance presented in steady state and 
transient conditions of varying load and speed. Computer simulations were used to 
predict the generator performance and the results were verified with the experimental 
data and these offer an attractive and cost effective way of predicting the system 
behaviour. 
A simulation study was performed to compare the conventional and field-oriented 
control schemes under steady state and transient wind speed conditions. From the 
results obtained for both the control schemes it is evident that response of the field-
oriented control is five to six times faster than that of conventional control, for the 
same load and wind speed conditions. 
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waveforms at various rotor speeds (QSW operation). 
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Figure 7.18 Steady state performance at synchronous 
mode (1500rpm). 
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mode (1600rpm) 
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Figure 7.21 Generator perfonnance during sudden load application under 
(Conventional Control and Field·oriented Control). 
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Figure 7.22 Generator performance during sudden load rejection under 
(Conventional Control and Field-oriented Control). 
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Phase voltage and rotor current verses rotor speed variation, 
through synchronous speed (Field-oriented Control). 
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Figure 7.24 Rotor current settling to DC after approaching 
synchronous speed. 
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Figure 7.25 Generator phase voltages perturbation, as rotor speed 
approaches synchronous speed. 
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Figure 7.26 Rotor current verses rotor speed from synchronous to 
super-synchronous mode. 
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CHAPTER 8 
CONCLUSION AND FURTHER WORK 
This chapter presents conclusions on the work described in the thesis together with a 
number of suggestions for further work aimed at improving the overall system 
performance. 
8.1 Conclusion and Remarks 
Both space-phasor and phase models were developed in the thesis. The former was 
used for both control and simulation purposes whereas the latter was used only for 
simulation. Computer simulations were used to predict the generator performance of 
the various experimental arrangements and these offer an attractive and cost effective 
way of predicting the system behaviour. 
The modelling technique uses tensor methods to assemble the mesh differential 
equation for the two state-space representations of the generator, one with the rotor 
supplied from a voltage-source and the other from a current-source. These equations 
are integrated numerically to obtain the time variation of the mesh currents. Both the 
open-loop and closed-loop system performance was investigated with these models. 
The effect of magnetic saturation was included in the models, to improve the accuracy 
of predicted results. Subsequently it was found from experimental results that the 
machine was not heavily saturated. This was due to the fact that the machine windings 
were star-connected, which reduced the voltage/phase and therefore the working flux 
in the machine. A transfer function model was also developed for optimisation of the 
control systems. 
Theoretical results from the voltage-source model were compared with experimental 
results and these were shown to be in good agreement and validated the model. The 
current-source model and transfer function models were then compared with the 
voltage source model. Both models compared well for steady-state simulations, but 
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the current source model had a more rapid transient response than the voltage-source 
model and the practical results. The likely reason for this is that the current-source 
model neglects the rotor time-constant. It was hoped that the current-source model 
would simplify and speed-up the simulation process, but its limitations under transient 
conditions reduced its effectiveness. 
A current controlled voltage source inverter provided the rotor currents that control 
both the magnitude and frequency of the generator output voltage. The prototype 
system, which was designed around a Pentium II PC, provides a rapid and flexible 
means of introducing further modifications to the control system software. Thus the 
controller and the inverter control circuit work together as a controlled current source, 
suitable to derive excitation current for the generator. 
The closed-loop performance was investigated using both conventional closed-loop 
and field-oriented control schemes. The conventional closed-loop scheme employs a 
PI controller to provide good steady-state accuracy and a satisfactory dynamic 
response. Indirect field-oriented control was chosen instead of direct field-oriented 
control to control the generator magnetising current. This was because direct field-
oriented control requires the flux angle to be measured directly using flux sensing 
coils or Hall effect devices. This proved to be impractical for general use. The 
indirect field-oriented control method estimates the flux angle from the equivalent 
circuit model and from measurements of rotor speed and stator voltage in the rotor 
reference frame. A space-phasor model was developed to formulate the computational 
block in the synchronous rotating D-Q reference frame. 
The generator closed-loop performance under steady-state and transient conditions of 
load and wind speed is presented in Chapter 7 and simulated and experimental results 
shown in Figures 7.8 to 7.16 show good agreement. 
During the course of the research the following major achievements were made: 
Ca) The generator performance predicted by the voltage-source and transfer 
function models is in good agreement with experimental results. Consequently 
the models can form the basis for a useful design tool for further control work. 
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Small differences evident between theoretical and experimental results may be 
due to practical difficulties in determining accurate machine parameters. 
(b) The dynamic response of the generator, under realistic wind speed variations 
has been investigated both by simulation and experimentally. 
(c) A prototype control system based on a Pentium-II, PC computer, with 
expansion cards (IIO and the ADIDA) to accommodate the phase voltage, load 
current and rotor speed measurement and signal conditioning circuits was 
developed. 
(d) An algorithm for the field-oriented control based on a space-phasor model 
was developed using C-code and the results showed a good dynamic 
behaviour under variable load and speed operation. 
(e) A simulation study was performed to compare conventional and indirect field-
oriented control schemes under steady-state and transient load conditions and 
it is confirmed from Figures 7.20 to 7.22 the field-oriented control scheme is 
five to six times faster then the conventional control. 
(f) The generator performance was investigated under the field-oriented control, 
with the speed varying through synchronous speed to super-synchronous 
speed and the output voltage and frequency were found to remain constant, as 
shown in Figures 7.23 to 7.27. 
From the experimental results obtained, the viability of the proposed system as a 
variable-speed constant-frequency generator is proved. 
8.2 Suggestions for Further Work 
Remaining objectives for development of the system are 
a) To design and develop an IFO prototype controller utilising a DSP or a 
microprocessor to make the system more compact and suitable for industry. 
b) The generator was tested with a unity power factor load. The operation under 
unbalanced, capacitive and nonIinear loads such as rectifiers should be 
investigated. 
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c) Some thought should be applied to the generator design. The machine on 
which the research was conducted is a wound rotor induction motor, whose 
design may not be optimised for this application. 
149 
REFERENCES 
[1] Warne D F, Generation Of Electricity From Wind. Proc. Inst. Elect. Eng., 
Nov. 1977. 124: pp. 963-985. 
[2] Freris L, Inherit The Wind. IEE Review, April 1992 :pp. 155-159: 
[3] Datta R and Ranganathan V T, Variable-Speed Wind Power Generation using 
Doubly Fed Wound Rotor Induction Machine, A Comparison With Alternative 
Schemes, IEEE Trans. On Energy Conversion, Sep.2002.17(3) pp.414-421. 
[4) Bohmann J Land Wiitanen 0 D, A Variable Voltage And Frequency Scheme 
To Optimize The Efficiency Of A Wind-Driven Induction Generator. Electric 
Machine And Power Systems, 1996.24: pp. 429-435, Taylor and Francis. 
[5) Natarajan K et ai, Modelling And Control Design For Wind Energy Power 
Conversion Scheme Using Self-Excited Induction Generator. IEEE Trans. On 
Energy Conversion, Sep.1987. 2(3): pp.506-512. 
[6) Simoes M G, Bose, B K and Spiegel R J, Design And Performance Evaluation 
Of Fuzzy-Logic-Based Variable Speed Wind Generation System. IEEE Trans. 
On Industry. Application, July/Aug. 1997.33: pp. 956-965. 
[7) Neris A S, Vovos N A and Giannakopoulos G B, A Variable Speed Wind 
Energy Conversion Scheme For Connection To Weak AC Systems. IEEE 
Transactions On Energy Conversion, March 1999. 14(1): pp.122-127. 
[8) Bassett E D and Potter F M, Capacitive Excitation For Induction Generators 
Electrical Engineering 1935, (54) pp 540-545. 
[9) Olwegard A, et ai, Improvement Of Transmission Capacity By Thyristor 
Controlled Reactive Power IEEE Trans. PAS-lOO, 1981. pp.3930-3939. 
[10] Elder J M, Boys J T and Woodward J L, Self-Excited Induction Machine As A 
Small Low-Cast Generator. IEE Proceedings, March 1984. 131 C(2): 
pp.33-41. 
[11] AI-Bahrani A H and Malik N H, Steady State Analysis And Performance 
Characteristics of A Three-Phase Induction Generator Self Excited with A 
Single Capacitor. IEEE Trans. On Energy Conversion, 990.5(4): pp 725-732. 
150 
[12] Bonert R and Rajakaruna S, Self-Excited Induction Generator With Excellent 
Voltage And Frequency Control. lEE Proceedings, Generation, Transmission 
& Distribution, Jan. 1998.145(1): pp.33-39. 
[13] Suarez E and Bortolotto G, Voltage-Frequency Control Of Self Excited 
Induction Generator. IEEE Trans. On Energy Conversion, Sep.1999.l4(3): 
pp.394-401. 
[14] Marra E G and Pomilio J A, Induction-Generator-Based System Providing 
Regulated Voltage With Constant Frequency. IEEE Transactions On Industry. 
Electron, Aug. 2000.47: pp. 908-914. 
[IS] Shridhar et aI., Selection Of Capacitors For The Self- Regulated Short Shunt 
Self-Excited Induction Generator. lEEE Transactions. On Energy Conversion, 
March. 1995. 10(1): pp.lO-15. 
[16] Alolah A I, Capacitance Requirements For Three Phase Self-Excited 
Reluctance Generators, lEE Proceedings, Part C: Generation, Transmission 
and Distribution, 1991.138(3): pp. 193-198. 
[17] Salama M H and Holmes P G, Transient And Steady-State Load Performance 
Of A Stand-Alone Self-Excited Induction Generator. lEE Proceedings, Electric 
Power Applications, 1996. 143(1): pp. 50-58. 
[18] Koyakumaru Y and Miyanage H, Basic Characteristics Of A Self-Excited 
Induction Generator Under Secondary Excitation At Constant Voltage. 
Electrical Engineering in Japan, (English translation), January 1992. 112-D 
(I): pp.55-64. 
[19] Grantham C, Sutanto D and Mismail B, Steady-State And Transient Analysis 
Of Self-Excited Induction Generators. lEE Proceedings, March 1989. 136, Pt. 
B(2) pp. 61-68. 
[20] Hansen A D, et ai, Overall Control Strategy of Variable Speed Doubly-Fed 
Induction Generator Wind Turbine. Nordic Wind Power Conf., 1-2 March 
2004, Chalmers University of Technology. 
[21] Pena R S, Clare J C and Asher G M, Doubly Fed Induction Generator Using 
Back-To-Back PWM Converter And Its Application To Variable-Speed Wind-
Energy Generation. lEE Proceedings, May 1996.143: pp. 231-241. 
[22] Blascke F, The Principle Of Field Orientation As Applied To The New Tran 
Vector Closed Loop Control System For Rotating Field Machines. Siemens 
Review 34,1972. pp. 217-220. 
151 
[23] Seyoum D, Rahman M F and Grantham C, Terminal Voltage Control Of A 
Wind Turbine Driven Isolated Induction Generator Using Stator Oriented 
Field Control. IEEE Applied Power Electronics 18th Annual Conference and 
Exposition, February 2003. pp. 846-852. 
[24] John G, et aI., Stator Flux Estimation From Inverter Switching States For The 
Field Oriented Control Of Induction Generators. IEEE Industry Applications 
30th IAS Annual Meeting. October 1995. Part 1 (3): pp 182-188. 
[25] Xue Y, et aI., A Low Cost Stator Flux-Oriented Voltage-Source Variable 
Speed Drive. IEEE Industry Applications Society Annual Meeting October 7-
121990. IAS-25 Part 1 (2): pp 410-415. 
[26] Liao Y and Levi E, Variable-Speed Induction Generator As A Source Of 
Constant DC Voltage. Proceedings of the 33rd Universities Power 
Engineering Conference-UPEC, September 8-101998. (2): pp. 759-762. 
[27] Grauers A, Efficiency Of Three Wind Energy Generator Systems. IEEE 
Transactions on Energy Conversion, September 1996. 11(3): pp. 650-657. 
[28] Kron G, Tensors For Circuits. 1959: Dover Publications. 
[29] Subramaniam P, Malik 0 P, Digital Simulation Of Synchronous Generator In 
Direct-Phase Quantities. IEE Proceedings, Janurary 1971. 118 (1): pp. 153-
159. 
[30] Johnson D E, Johnson JU R and John L H, Electric Circuit Analysis. 1992: 
Prentice Hall. 
[31] Paraskevopoulos P N, Modern Control Engineering, 2002: Marcel Dekker, 
Inc. 
[32] Snider L A and Smith I R, Measurement Of Inductance Coefficients Of 
Saturated Synchronous Machines. 1972. 119(5): pp. 597-602. 
[33] Smith I R and Snider L A Prediction Of Transient Performance Of Isolated 
Saturated Synchronous Generator. 1972. 119(9): pp. 1309-1318. 
[34] Sullivan C R and Sanders S R, Models For Induction Machines With 
Magnetic Saturation Of The Main Flux Path. IEEE Transactions On 
Industry Applications, 1995.31(4): pp. 907-917. 
[35] O'Kelly D, and Simmons S, Introduction To Generalized Electrical Machine 
Theory. 1968: Mc Graw-Hill London. 
[36] Minkowycz W J, Sparrow E M and Plettcher R H, Handbook of Numerical 
Heat Transfer. WHey, Newark: John WHey & Sons, Inc.1988. 
152 
[37] International Rectifier, Control Integrated Circuits. CIC-I. 
[38] Ogata K, Modern Control Engineering. Prentice Hall, Inc., 2002. 
[39] Kazmierkowski M P, Krishnan Rand Blaabjerg, F, Control in Power 
Electronics. 2002: Academi Press. 
[40] Leonhard W, Control Of Electrical Drives: Springer: 2001 
[41] Gabriel R, Leonhard W, Nordby C J, Field-Oriented Control Of A 
Standard AC Motor Using Microprocessors. IEEE Transactions on 
Industry Applications, March/APRIL 1980. IA-16(2): pp. 186-192. 
[42] Liao Y W and Levi E, Modelling And Simulation Of A Stand-Alone 
Generator With Rotor Flux-Oriented Control. Elsevier February 1998. 
Electric power system research 46. pp. 141-152. 
[43] Alan I and Lipo T A, Control Of Poly Phase Induction Generator IInduction 
Motor Power Conversion System Completely Isolated From The Utility. IEEE. 
Trans. Industry Application, May/June. 1994.30(3): pp. 636-647. 
[44] Erdman W L and Hoft R G Induction Machine Field-Orientation Along 
Airgap And Stator Flux. IEEE Transactions on Energy Conversion, March 
1990.5(1): pp. 115-121. 
[45] Pena R S, Cardenas R J, Asher G M and Clare J C, Vector Controlled 
Induction Machines For Stand-Alone Wind Energy Applications. IEEE 
Conference record, IAS Annual/meeting ofIndustry Applications society. 
2000(3): pp. 1409-1415. 
[46] Forchetti D, Garcia G and Valla M I, Vector Control Strategy for Doubly-
Fed-Stand-lone Induction Generator. IEEE Proceedings Of the 28th Annual 
Conference of Industrial, Electronic Sevilla, Spain. November. 5-8. 2002, 2: 
pp. 991-995. 
[47] Murphy J M D and Tumbull F G, Power Electronic Control of AC Motors. 
1988: Oxford UK Pergamon Press. 
[48] James G, Burley D, Clements D, Dyke P, Searl J, Steele N, and Wright J, 
Advanced Modern Engineering Mathematics. 2nd Addition, Addison, 
Addison Wesley Ed, 1999, England. 
153 
APPENDIX A 
MACHINE SPECIFICATIONS 
Induction Machine: 
Nameplate data for the induction machine 
Frequency =50Hz. 
Power rating =2.20 kW. 
Voltage = 240V. 
Rated stator current =8.3A 
Rotor speed = 1440rpm. 
DC Machine 
Frame =K132. 
Power rating =2.20 kW. 
Armature voltage = 240V 
Armature current = llA 
Field current =0.79A 
Rotor speed = 1500 rpm. 
Class of insulation. (F) 
A-I Phase Parameters 
The per-phase equivalent circuit parameters for the induction machine shown in 
Figure A.I were obtained from no-load and locked-rotor tests. Assuming the machine 
is star connected, the simplified equivalent circuit for one phase of the machine is 
shown in Figure A.1(a). The circuit has the rotor resistance and leakage reactance 
referred to the stator side. For the open-circuit test, the machine is driven at 
synchronous speed, with the slip s = O. Since R/ls, is infinite, the equivalent circuit 
and phasor diagram are as shown in figure A.1(b). The impedances of the no-load 
branch are core-loss resistance Ro = Vs /loa and magnetising reactance Xo = Vs !Ior . 
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When the rotor is locked, n, = 0 and s = 1, the equivalent circuit and phasor diagram 
are as shown in Figure A.1(c) and A.1(d). The phasor I = la - jI, is obtained from 
W 
where cp s = cos -I ( r;; ) 
,,3VL LL 
and W is the locked rotor power. Since the locked rotor test is performed at reduced 
voltage, the magnitude ofIo. can be obtained from 
V L(Locked rotor test) 
ID (locked rotor test) = ID (no-load test) -------
Vdno-load test) 
Thus V, = (R, + R,')+ j(X, +X/,). 
I 
The locked rotor test determines the lumped parameters (R, + RI,) and. (X, + Xl,) 
and the equivalent circuit requires the separation of Rs and R,. The value of R', is 
determined by subtracting the value Rs, obtained from DC test and scaled to give the 
AC value by multiplying by 1.2. 
From these results it is usual to assume Xs = Xl, and 
M =~ 
o 21tf, 
L _X,+X/, 
si - 41tf, 
L _ X, +X/, 
rI - 41tf, 
The resulting parameters are 
S tator resistance 
Referred rotor resistance 
Stator leakage inductance 
Referred rotor leakage inductance 
Magnetising inductance 
Rs 
R', 
Lsl 
L'd 
Mo 
= 8.7tn. 
= 6.45n. 
= 0.0372 H. 
= 0.0372 H. 
= 0.3388 H. 
From these the machine per-phase parameters were obtained as 
Stator phase self inductance L s = L sl+ M = L sl+ (2/3)Mo = 0.2630H. 
Rotor phase self inductance L, = L',I + M = L',I + (2/3)Mo = 0.2630H. 
Mutual inductance between M s= -M/2 = -(113 )Mo = - 0.1129H. 
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stator phases 
Mutual inductance between 
rotor phases 
M r = -Ml2 = -(1/3)Mo= - 0.1l29H. 
StatorlRotor mutual inductance Msr = (2/3)Mo = 0.2258 H. 
Rs I Is I I 
10 I I 
I 
Vs Pr 9 R; Ro s I 
I 
I 
I 
I 
Air-gap 
(a) Per-phase equivalent circuit 
10 
Vs 
(b) No-load equivalent circuit and phasor diagram 
Figure A.I Per-phase equivalent circuit and phasor diagrams 
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Is I 
(c) Locked-rotor test equivalent circuit 
(d) Phasor diagram for locked-rotor test 
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APPENDIXB 
MODEL PARAMETERS 
B.l Induction Generator 
The variables and parameters for the Induction generator model are 
Va 0 la Ra 0 0 0 0 0 
Vb 0 Ib 0 Rb 0 0 0 0 
Ve 0 le 0 0 Re 0 0 0 
Vb= Vd , Eb= E ' Ib= Id , Rbb= 0 0 0 Rd 0 0 d 
Ve Ee le 0 0 0 0 Re 0 
Vr Er Ir 0 0 0 0 0 Rr 
La Mab Mac Mad Ma, Mar 
Mba Lb Mbc Mbd Mbe Mbr 
Mca Mcb Lc Med Mc, Mer 
Lbb= Mda Mdb Mde Ld Mde Mdr 
M,a M'b Mec M,d L, L,r 
Mra Mfb Mre Mrd Mre Lr 
0 0 0 Gad Ga, G ar 
0 0 0 Gbd Gbe G br 
0 0 0 Ged Gce G er 
Gbb= Gda G db Gde 0 0 0 
G,a Geb Gee 0 0 0 
Gra Gfb Gre 0 0 0 
For the branch matrices L .. and G .. only the upper triangle elements are given in Equation 
2.2, since they are symmetrical. 
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B.1.1 Voltage-Source Model Equation 
The induction generator branch reference frame voltage equation expressed in the 
abbreviated form of equation 2.4, may be expanded to 
v, 0 R, 0 0 0 0 0 I, 
Vb 0 0 Rb 0 0 0 0 Ib 
V, 0 0 0 R, 0 0 0 I, 
+ = 
Vd Ed 0 0 0 Rd 0 0 Id 
V, E, 0 0 0 0 R, 0 I, 
Vr Er 0 0 0 0 0 Rr Ir 
L, -M/2 -M/2 0 0 0 I, 
-M/2 1" -M/2 0 0 0 Ib 
-M/2 -M/2 L, 0 0 0 I 
+ 
, 
+ 0 0 0 Ld -M/2 -M/2 Id 
0 0 0 -M/2 L, -M/2 I, 
0 0 0 -M/2 -M/2 Lr Ir 
0 0 0 M,d Mae Mar I, 
0 0 0 Mbd Mbe M br Ib 
0 0 0 M'd Me< M,r I, 
+00 
Mba Mdb Md, 0 0 0 Id 
B.1 
Mea Meb Me, 0 0 0 le 
M ra Mfb M r, 0 0 0 Ir 
B.1.2 Current-Source Model Equation 
The equation for the branch reference frame current-source model given in the abbreviated 
form of equation 2.26 may be expanded to 
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[
Va] [Ra ~: = ~ O][Ia] [Lss -M/2 o I. + -M/2 Lss Re le -M/2 -M/2 
-M/2] [la] 
- M 12 P I. 
L ss le 
[ 
-Msin9 
+Pro, -Msin(9-21t/3) 
-Msin(9+27t/3) 
- M sin(9 + 27t/3) - M sin(9 - 27t 13)][Id] 
- Msin 9 - Msin(9 + 27t/3) le 
- Msin(9 - 27t/3) - M sin 9 If 
[ 
Mcos9 
+ Mcos(9-27t/3) 
M cos( 9 + 27t/3) 
M cos( 9 + 27t 13) M cos( 9 - 27t3)] [Id] 
Mcos9 Mcos(9+27t/3) P le 
M cos( 9 - 27t I 3) M cos 9 I r 
B.2 BranchlMesh Formulation 
B.2.l Voltage-source Model 
B.2 
The relationship between branch and mesh currents may be expressed by the branch-to-mesh 
transformation matrix, obtained by inspection of Figure 2.2 as 
la 1 0 0 0 
I. 0 1 0 0 I I 
le - 1 -1 0 0 12 
= 
Id 0 0 1 0 13 
B.3 
le 0 0 0 1 14 
If 0 0 -1 - 1 
This may be defined in the abbreviated form 
I. = elm B.4 
where C is the branch Imesh current transformation matrix. 
160 
B.2.2 Current-Source Model 
The relationship between the branch and mesh currents may be expressed by the branch-to-
mesh transformation matrix, obtained by inspection of Figure 2.2(b) as 
[~:l = [ ~ ~ l[~J I -I-I c B.S 
This may me expressed in the abbreviated form 
B.6 
where the suffix s stands for the stator circuit. 
161 
APPENDIXC 
RUNGE-KUTTA METHOD 
The 4rth-order Runge-Kutta algorithm is a numerical method for obtaining the 
solution of a differential equation of the form 
dx dt = y(t,x) 
The value of function x(t) at t = to+h, where h is the step length, is 
h 
x(t) = x(to)+-(kl +2k2 +2k3 +k,) 6 
where kl = y(to,x o) 
k2 = y(to + h ,xo + hkl) 
2 2 
h hk2 k3 = y(to +-,xo +-) 2 2 
k, = y(to +h,xo +hk3) 
C.1 
C.2 
C.2 
C.3 
C.4 
C.5 
The chosen step-length should be sufficiently short to produce accurate and stable 
results. 
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APPENDEXD 
SIMULATION PROGRAM FLOW CHARTS 
Appendix D.I Open-loop Voltage-Source Model 
START 
Initialise system 
variables 
Assemble transformation 
matrix c 
Construct branch matrices 
Rbb , Lbb and Gbb 
Transform branch to mesh 
Rmm ,Lmm and Gmm 
Generate rotor voltages, Vd, 
V" and V, 
Formulate state-equation 
defined by Equation 2.23 
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o 
Solve for mesh currents Using 
Runge· Kutta 
Convert mesh currents to the 
branch reference frame and 
calculate generated phase 
voltages 
Write results to a plot 
file and update the 
stator current 
Increase time-step 
ot = t+ot 
STOP 
NO 
B 
Appendix D.2 Open-loop Current-Source Model 
START b 
Ir 
/ Initialise system / /' variables 
~ 
Assemble transfonnation 
matrix c 
Construct branch matrices 
Rt.b, Lbb and Gbb 
Ir 
Transform branch to mesh 
Rmm , Lmm and Gmm 
Generate rotor currents, Id, le, 
and If 
Ir 
Formulate state-equation 
defined by Equation 2.28 
A 
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So Ive for mesh currents Using 
Runge-Kutta 
Convert mesh currents to the 
branch reference frame and 
calculate generated phase 
voltage 
Write results to a 
plot file and update 
the stator current 
Increase time-step 
ot = t+ot 
STOP 
NO 
Appendix D.3 Open-loop Current-Source Model with Magnetic Saturation 
START j 
B / Initialise system / /' variables 
~ 
Assemble transformation 
matrix C 
Calculate machine 
parameters incorporating 
magnetic saturation using 
polynomial equations 
Construct branch matrices 
Rbb , Lbb and Gbb 
Transform branch to mesh 
Rmm, Lmm and Gmm 
Generate rotor currents, Id, le, 
and If 
r 
Formulate state-equation 
defined by Equation 2.28 
A 
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Solve for mesh currents Using 
Runge-Kutta 
Convert mesh currents to the 
branch reference frame and 
calculate generated line 
voltage 
Write results to a 
plot file and 
update the stator 
Increase time-step 
ot = t+ot 
STOP 
NO 
Appendix D.4 Closed-Loop Conventional Control Current-Source Model 
( START 
• 
r 
/ Initialise system / variables 
Assemble transformation 
matrixC 
Construct branch matrices 
R,b, Lbb and Gbb 
~ 
Transform branch to mesh 
Rmm , Lmm and Gmm 
,r 
Calculate the error voltage 
and compensate using PI 
Controller 
Generate rotor currents, Id, le, 
and If 
r 
Formulate state-equation 
defined by Equation 2.28 
A 
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Solve for mesh currents Using 
Runge-Kutta 
Convert mesh currents to the 
branch reference frame and 
calculate generated line 
voltage 
Write results to a 
plot file and 
update the stator 
cnrrent 
Increase time-step 
ot = t+ot 
STOP 
Appendix D.S Closed-Loop Conventional Control Voltage-Source Model 
START b 
/ Initialise system / variables 
Assemble transformation 
matrixC 
Construct branch matrices 
R"b, Lbb and Gbb 
Transform branch to mesh 
Rmm , Lmm and Gmm 
~ 
Calculate the error voltage 
and compensate using PI 
Controller 
Generate rotor voltage, Vd, V" 
and V, 
~ 
Formulate state-equation 
defined by Equation 2.23 
A 
167 
Solve for mesh currents Using 
Runge-Kutta 
Convert mesh currents to the 
branch reference frame and 
calculate generated line 
voltage 
Write results to a 
plot file and 
update the stator 
cnrrent 
Increase time-step 
8t = t+8t 
End of 
simulation 
( STOP A 
Appendix D.6 Closed-Loop Field Oriented-Control Voltage-Source Model 
B 
START ::A 
/ Initialise system / variables 
Assemble transformation 
matrix C 
Construct branch matrices 
Rbb , Lbb and Gbb 
Transform branch to mesh 
Rmm , Lmm and Gmm 
Calculate the error voltage 
and compensate using PI 
Controller 
Determine the rotor current 
DQ components using 5. I 2 
and 5.13. 
Determine the rotor current 
amplitUde 
r:----:-:--
. 1(..)2 (.. )2 IR='iIDR +IQR 
A 
168 
A 
Determine the rotor speed n, 
using equation 4.21 
Determine the rotor current 
angular speed 
ffimr=Ws-Olr 
Generate rotor voltages 
in stator reference frame 
V., V" and V, 
Formulate state-equation 
defined by Equation 2.23 
~ 
Solve for mesh currents Using 
Runge-Kutta 
Convert mesh currents to the 
branch reference frame and 
calculate generated phase 
voltage 
e 
Write results to a plot 
file and update the 
stator current 
Transform the voltage from 
a,b,c~DQ 
Reference frame 
Increase time-step 
ot = t+ot 
C. STOP 11;' 
NO 
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A Stand Alone Induction Generator 
Producing a Constant Voltage, Constant 
Frequency Output 
B. A. Zahir, J. G. Kettleborough and I. R. Smith 
Abstract- This paper describes the design and 
development of "8 variable speed constant frequency self-
excited induction generator (IG)" using field-oriented 
techniques for its voltage and frequency control. A space-
phasor model for the generator is developed to implement 
Indirect Field Oriented Control. To study the generator 
dynamic response the machine was driven by a separately-
excited DC motor simulated as a variable speed turbine and a 
2.2kW wound rotor IM as an IG. The excitation current for the 
wound rotor induction generator (variable frequency, 3-phase 
sinusoidal current) was provided by 8 current-controlled 
voltage-source inverter (CCVSI). The generator dosed-loop 
control performance has been studied under varying load and 
wind speed conditions. Simulated results are compared with 
experimental data to validate the proposed control system. 
Index Terms-SEIG, stand-alone induction generator. 
asynchronous generator, variable speed, constant frequency 
genereator. 
I. INTRODUCTION 
For remote villages and communities isolated from the grid stand-alone and self-excited induction generators 
(SEIGs) have been identified as a possible source of 
power in micro hydro and wind power applications. This 
leads to an increased emphasis on renewable resources and 
the development of suitable isolated power generators 
driven by non conventional energy sources, such as biogas, 
wind, small hydro heads, etc. particularly wind power has 
provided a potential source for the generation of electricity 
with minimal environmental impact [I]. 
When an induction generator is connected to a utility line, 
the reactive power needed by the generator is supplied by 
the utility and the real power is derived mechanically from 
the wind turbine. Thus the generated voltage and current are 
always synchronized with those of the utility. 
Diesel engine driven synchronous generators have been used 
widely in isolated islands, etc. Even though the speed of the 
diesel engine is controlled using high performance 
governors, the output frequency changes with a step change 
in load. The variable frequency, variable voltage at the 
Bashir Ahmad Zahir is the member of Power Electronic Group 
(e-mail b,a,zahir@lboro.ac.uk). 
stator terminals and power electronics inverter between 
stator and the utility grid [2]. [3-4] provide a variable speed 
wind energy conversion scheme (VSWEC). 
The generator voltage and frequency control strategy is 
based on variable structure control theory [5] and in [6] the 
impedance controller consisting of a phase controlled bridge 
and chopper switch connected to the load. A system is 
proposed here for a controlled Ivariable speed based system 
to maintain the voltage and frequency control. PWM 
inverters are used to establish constant frequency at the 
generator terminals [7]. 
Field oriented control and power electronic converters are 
used to excite an induction generator and to regulate the 
generated voltage. The application of field-oriented control 
has essentially reduced the control dynamics of AC motor to 
those ofa separately excited compensated DC motor [8]. 
Stator flux oriented vector control is adopted for the stand-
alone induction generator by aligning the stator flux along 
the D-axis of the rotating reference frame. The control 
system keeps the DC voltage constant [9]. Computation of 
the stator flux directly from the stator terminal voltage 
involves high voltage measurements, which is a 
disadvantage, when using the control circuits. Alternatively, 
flux estimation from the inverter switching states has been 
demonstrated [10-11]. Controlling the stator flux magnitude 
indirectly controls the stator voltage, and the frequency is 
kept constant as the rotor speed varies by imposing the slip-
frequency rotor current. 
lnvctICr 
s2:0 
S<O 
Fig 1. System power flow 
-. 
---> 
lndudion - - ... 
Machine 
I. THE PROPOSED SCHEME 
The proposed stand-alone, variable speed wind turbine 
generator is the singly fed induction generator (SFID), 
shown in Fig. I. The scheme comprises a wound rotor 
induction machine, with the load connected to the stator side 
and on inverter connected to the rotor side. 
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The control strategy is to maintain constant speed of the air 
gap flux irrespective of the rotor speed, which is obtained 
electronically, and thus to generate a stator voltage at a 
constant frequency. Assuming the desired stator frequency 
to be r.. and the number of pairs of magnetic poles to be P, 
the speed at which the magnetic field rotates is n. = f, I P . 
If the speed of the magnetic field with respect to rotor is, 
n' = ns - n r , where nr is the rotor speed, the rotor 
currents set up the magnetic field, thus n' = frlP 
Hence 
Giving 
f,/P=n. -n" 
fr = f, -Pnr (I) 
Below synchronous speed the rotor currents have a certain 
phase sequence. The real power demand of the load and the 
losses may exceed the input real power from the turbine 
shaft, with the balance being provided by the battery 
through the current controlled voltage source inverter 
(CCVSI). At synchronous speed the rotor current is DC, and 
above synchronous speed the phase sequence reverses. The 
power provided by the turbine shaft exceeds the load real 
power demand, the losses and the excess power can be 
stored in the battery through the bi-directional inverter. 
Power electronic control circuit is required to build-up the 
control, Fig. 2 presents a block diagram of the control 
system. With the application of field orientated control of 
the rotor circuit and a well-controlled IGBT based CCVSI, 
the proposed stand-alone induction generator configuration 
may prove an efficient, frequency wild asynchronous, 
induction generator. 
---------~---I 
I ""-Cit..., L ________________ • 
I 
I~ 
------.;.-. : 
EII_: I I 
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I I 
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Ill. System Dynamic Model 
The space phasor stator and rotor for the 3-phase 
stator/rotor currents, defined in stator/rotor-based co-
ordinate system are 
~=~+h~+~~ ~) 
Ir = id + h i, + h' ir (3) 
where, hand h', represents the spatial operator = e i''''' and 
e j41t13 respectively and ia, ib , ic,id, iet if are the instantaneous 
stator/rotor currents. The 3-phase rotor currents, represent 
the resultant mmf in the rotor-based co-ordinate system. 
The rotor current space phasor can be referred to stator co-
ordinates through the transformation 
38 
i/ = i, eiP" (4) 
and the stator space phasor can be referred to rotor co-
ordinates by the transformation 
~=~~~ W 
The terms ei"" and .i~ are called vector rotators or co-
ordinate transformations. 
The stator and rotor flux-linkage space phasors in stator and 
rotor co-ordinates may be defined as 
'1',= '1'.+ h 'I' b+ h ''I', (6) 
'1',= 'I' d+ h '1', + h ''I'r (7) 
The flux-linkage space phasor may be physically 
interpreted as a space vector representing the resultant 
sinusoidal flux distribution in the generator airgap. Thus '1', 
and 'l'r expressed in terms of the stator (L,), the rotor (L , ) 
and the mutual (M) inductances are 
'I',=L,i.+Mir eiP9r (8) 
and 'l'r= M i •• iP', + Lr ir (9) 
Referring to the per-phase equivalent circuit for the 
generator, the stator voltage equation in stator-based co-
ordinates may be written as 
Mplm =R,I,+L,pl,+v, (10) 
where, im is the magnetising current space phasor. 
B. CONTROLSTRATAGY 
The mutual airgap flux is a measure of the magnetising 
current, which is the sum of the stator and rotor currents in a 
common reference frame. In the stationary reference frame, 
the magnetising current space phasor may be expressed in 
terms of stator and rotor current space phasors, including 
stator leakage flux. 
Im = Irei~ - (1+6,) i, = im .ip (11) 
where im and p are polar co-ordinates with respect to the 
stator reference frame. The angle p, is used to implement the 
vector rotation, from stator to rotor and vice versa, and 6" 
the stator leakage factor, defines the relationship 
Ls = (1 +O's)M. 
Substituting the value of magnetising current space phasor 
im from equation (11) into equation (10) gives 
ir =((l:~s) e-jroIfisdt+2~sis+ ~s fVsdt) (12) 
where ~,= (~:) is the stator time constant. 
Transforming equation (12) into field co-ordinates by 
multiplying each term by .ip and separating real and 
imaginary parts, gives the rotor current control vectors in the 
D-Q reference frame 
i'OR =((1+0',) e-il\l'XIiosdt+2~,ios+_1 Ivosdt) (13) 
1:s Rs 
i'QR =( (I :~s) e-jI\lJfiQsdt+2~siQS+ ~ f vQsdt) (14) 
It is evident from equations (13) and (14) that coupling 
exists between the rotor and stator current and voltage 
vectors. The frequency of the rotor current is determined 
from the relationships 
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f, = f ,- p(;~) (15) 
and ro,= 271n,=p9, (16) 
Equations (12)-(16) form a computational block that 
constitutes the controller which provides control of 
quadrature and the direct rotor current components. A 
simplified block diagram for the indirect field-oriented 
controller is shown in Fig. 3. The rotor currents i'DR, i'QR 
and the angle p are calculated and applied to the rotor 
through the deadband current control circuit of the CCVSI. 
" 
" 
'-
C. VOLTAGE REGULATION 
-... ~
-
From equations (10) and (11), the stator voltage in terms of 
stator and rotor space phasors is 
_ ( L, ) d t. jP',) R' 2L (d (. ») v, - --- -\lre - sls - • - Is (1+".) dt dt (17) 
Equation (17) shows that the stator voltage depends upon 
the stator and rotor current components, rotor position and 
the stator parameters I., and R,. 
D. FREQUENCY REGULATION 
The generator output frequency is maintained constant, as 
the rotor speed varies by imposing slip frequency rotor 
magnetising current from the CCVS Inverter. The rotor 
position electrical angle 9, is obtained from an incremental 
encoder through pulse count. The speed information (0, is 
obtained from the differential of 9, .The stator flux spatial-
vector angular speed must be constant in order to generate a 
stator voltage with constant frequency. Following equations 
5.14 and 5.15, the magnetising current angular frequency is 
(0==(0,-(0, (18) 
and e~= pe, 
Where e" is the rotor electrical angle. The angle p, is 
obtained by software integration of (0=. 
A. EXPERIMENTAL RESULTS 
The Transient behaviour ofthe generator under varying load 
and wind speed operation are shown in Figs. 4-6. Figs. 4-5 
presents the generator performance under step load changes 
and Fig. 6 presents the rotor current during the transition 
from sub-synchronous to super-synchronous speed of the 
generator show smooth operation in both speed ranges, The 
phase sequence of the rotor current changes when going 
through synchronous speed. The phase sequence of the rotor 
current changes when going through the synchronous speed. 
It is evident that amplitudes of the stator voltage and 
frequency remain constant through out the operating speed 
ranges. 
Time 100 ms/div. 
Time 100 ms/div 
Time 100 msldiv 
Fig. 4 VL, load current and the rotor current 
Fig. 5 
under step load application 
Time 100 ms/div 
Time 100 msldiv 
~··ffi···[:. .~, , , , , , , 
---1-- -~. -~ -----~-----~ .. ---i--.. -~--
, . , , , , , 
, , , , , , , 
---- ...... -.. ----~------~-----.-----.-----.--
Time 100 ms/div 
V L, load current and the rotor current 
under step load rejection 
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Time 100 msldiv 
Time, 100 ms. 
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0 300 600 900 1200 1500 2000 
Time, 100 ms. 
Fig. 6 Vph. and rotor current under speed variation 
through synchronous speed. 
V CONCLUSION 
if 
The paper have presented the mode ling, control system 
design and simulation for a stand-alone induction generator. 
Control has been provided using rotor flux oriented control 
principles. A prototype set-up was built and experimental 
results verifies the simulated results. From this it is evident 
that the system is able to obtain the output voltage of the 
constant amplitude and frequency at load and speed 
fluctuation operation. 
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